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Abstract
With the growing wind industry in Canada, it has become important to optimize wind tur-
bine foundation design. Wind turbine foundations are subjected to combinations of vertical,
horizontal and moment loads due to vertical self-weight of the structure and soil surcharge.
Additionally, there are signicant lateral loads and overturning moments attributed to varying
wind forces acting at considerable tower heights above the ground level. In this thesis, the
undrained bearing capacity response of circular & octagonal foundations subjected to com-
bined loading is calculated using nite element analyses. Previous works have mostly focused
on circular foundations. An octagonal foundation of the style typically used in the wind
industry forms the focus of this research. Foundations are either surface based or embedded
in homogeneous or heterogeneous soils. The results are expressed in terms of a coherent
set of bearing capacity factors and failure envelopes in two dimensional planes (VH, VM
and HM). This research also presents a parametric study on the eect of a surcial crust on
the bearing capacity of a foundation. Finally, working and design loads for a typical wind
turbine foundation are plotted in two dimensional failure planes to investigate if there is a
potential ‘spare’ capacity. The nite element study indicates that an increase in soil strength
heterogeneity and embedment leads to increases in the uniaxial limit capacities and size of
the failure envelopes. For octagonal foundations, the average increase in uniaxial vertical,
horizontal and moment capacities due to increases in the embedment is 15%, 52% and 32%
respectively. The average increase in uniaxial vertical and moment capacities due to increase in
the soil strength heterogeneity is 7.1% and 6.7% respectively, for octagonal foundations. When
the shape of a foundation changes from a circle to an octagon, the ultimate uniaxial vertical
and moment capacities slightly increase (by 7.7% and 7.2% respectively). Under combined
loading, conventional methods are found to underestimate the combinations of horizontal and
moment loads that a foundation can resist safely. During eccentric loading, the eective area
predicted using the method given by DNV (2002) is also under-predicted.
Keywords: Combined loading, complex loading, octagonal foundations, wind turbine founda-
tions, surcial crust, design optimization, failure envelopes
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Chapter 1
Introduction
1.1 Wind Energy and Wind Turbine Foundations
Over the past 10 to 15 years, the wind power sector in Canada has grown signicantly. Wind
energy has increasingly become a very promising alternative source to produce electric power.
While the total installed capacity was just over 200MW in the year 2000 (Weis, 2015), it
surpassed 11 000MW (Canadian Wind Energy Association, 2015) by December, 2015. This
accounts for over 7% of Canada’s total generating capacity (Hislop, 2015). Thus, from initially
being on the ‘margins’ of the energy portfolio, wind is moving steadily into the ‘mainstream’.
During the past 20 years, the power output and size of wind turbines have increased by an
order of magnitude (Bonnett, 2005). Onshore turbine manufacturers have now developed
wind turbines with more than 5MW rated power and 125m tower heights. Consequently,
the loads that the foundations have to resist, have also increased many times. As the rst
generation of ‘megawatt’ wind farms are reaching their ‘mid-lives’, owners are starting to
consider new, larger turbines being installed on the original foundations to save money. Thus,
with the continued growth of the wind industry, it is essential to understand the pressing
considerations for the associated growth of foundations and the optimization of the foundation
design. Moreover, as the density of wind farms in Ontario increases, geotechnical problems
1
Chapter 1. Introduction 2
may become more challenging as the majority of the best sites will already have been taken.
In such a scenario, the design of foundations will become even more critical as its impact on
the overall protability of the construction of wind farms will increase.
As a foundation problem, the design of wind turbine foundations is unique because of the
combination of loads acting upon them. Besides the relatively low centric vertical loading
(V) due to the self weight of the structure, they are also subjected to very large overturning
moments (M) (resulting in inclined and/or eccentric loading), which is attributed to the
varying wind forces (H) acting at a signicant tower height above the ground level. The
bearing capacities of foundations under inclined or eccentric loading have traditionally been
estimated using conventional methods, such as those given by Meyerhof (1953), Hansen (1970)
and Vesic (1973). The guidelines for design of wind turbine foundations given by DNV (2002)
and other recommended guides such as ISO (2011) and DNV (1992) are predominantly based on
these conventional methods. In these codes, the ultimate limit states (ULS) and serviceability
limit states (SLS) are calculated using limit equilibrium analysis and empirical foundation
analysis approaches. The eccentricity and inclination of loads are taken into account by using
the eective foundation area method and modication factors respectively, within the same
type of bearing capacity analysis.
Furthermore, when foundations are embedded or non-homogeneity of soil strength comes
into play, the validity of traditional methods to provide accurate estimates of bearing capacity
has been questioned by many researchers. It has been found that these approaches are valid
only for low H/V ratios. Gourvenec and Randolph (2003) & Shen et al. (2016) showed that
for circular foundations on clays with non-homogeneous strengths, conventional methods
actually provide unconservative results. Salgado et al. (2004) demonstrated the over-prediction
and under-prediction of the depth factors proposed by Meyerhof (1953) and Hansen (1970)
respectively, with increase in the embedment ratio; as a foundation becomes further embedded,
more soil is involved in the failure mechanism. In addition, design guidelines do not explicitly
consider 3-dimensional geometries, but rather suggest equivalence to rectangular foundations
with the same area and areal moment of inertia (ISO, 2011). Hence these methods overlook the
increase in the bearing capacity due to bearing failure of greater volumes of soil. Furthermore,
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the design codes do not have any provision for calculating tensile capacity. Especially in the
case of a wind turbine foundation, this becomes signicant as the foundation loses its contact
with the soil due to the uplifting forces of wind (albeit for very short periods of time).
With innovations occurring in the fast growing wind industry, the design codes and the
analysis of embedded foundations may also need to be assessed to optimize wind turbine
foundation design. Use of the nite element method to predict the ultimate bearing capacities of
foundations has emerged as one of the most popular methods among geotechnical researchers.
With higher computer speed, memory and data storage capacity in the recent years, this method
has increasingly been used to express explicitly the bearing capacity of a footing with realistic
3D geometries under general loading in terms of failure envelopes in Vertical, Horizontal
and Moment (VHM) loading space. Bransby and Randolph (1998), Gourvenec and Randolph
(2003), Salgado et al. (2004), Taiebat and Carter (2010), Shen et al. (2016) studied the eects
of soil strength heterogeneity, shapes and embedments on the bearing capacity of oshore
foundations under general loading and expressed the results in the form of dimensionless loads
(bearing capacity factors) and failure envelopes. These results have been compared with those
of conventional methods or design codes, to obtain an idea of ‘spare’ or ‘overlooked’ capacity.
This helps to reduce foundation sizes, minimizing the construction costs and allows reuse of
foundations. However, most of these studies were conned to strip or circular foundations.
The interface between the foundation and the soil was usually assumed to be fully bonded
[except Taiebat and Carter (2010), Shen et al. (2016)]. Hence, given these facts, dierent footing
geometries (like octagonal), contact conditions like a no-tension interface and soil conditions
such as a surcial crust, that are specic to wind turbine foundations in Canada need to be
investigated, to gain further insight into the foundation design.
1.2 Aims of Study
This thesis aims to investigate the bearing capacity response of wind turbine foundations
subjected to combined static loading under undrained conditions. The response of these
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foundations under varying embedment and soil strength heterogeneity conditions is also
explored.
Specically, the aims of this thesis are:
1. To investigate current design and analysis for onshore wind turbine foundations and
compare this to oshore geotechnical practice.
2. To investigate the stability of wind turbine shallow foundations under combined Vertical
Horizontal Moment (VHM) loading.
3. To determine a coherent set of bearing capacity factors for uniaxial ultimate limit state
loads for surface based circular and octagonal foundations on clayey soils.
4. To study the eects of embedment, shape and soil strength heterogeneity on the bearing
capacities of these foundations.
5. To assess current design practice and make suggestions for possible changes in practice
in light of the ndings of this study.
1.3 Thesis Objectives
In order to explore this subject thoroughly, but keep the number of analyses to a minimum,
a typical foundation for a wind farm in Canada (Port Alma) has been investigated . Much
of the analysis is based on models of a working commercial wind turbine, typical of Ontario
conditions with a large shallow gravity based octagonal foundation. To meet the aims of
aforementioned study, the following objectives have been completed.
1. A critical literature review was performed of the current state of practice for wind
turbine foundation design based on the guidelines given by DNV (2002), DNV (1992)
and ISO (2011).
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2. A review of the literature on nite element studies investigating undrained bearing
capacity response of predominantly oshore foundations subjected to combined loading
was performed.
3. Three-dimensional models were developed in the nite element program ABAQUS
for surface circular and octagonal foundations on clays and subjected to uniaxial and
combined loads.
4. The ultimate uniaxial bearing capacities found were compared with solutions obtained
from conventional methods and nite element analysis.
5. The failure envelopes in VH, VM and HM load space planes were compared with those
derived by conventional methods and nite element analysis performed by previous
researchers.
6. The changes in bearing capacity for four embedment depths and three dierent soil
strength heterogeneity ratios were investigated.
7. A parametric study was performed to investigate the eects of clay crust thickness,
depth of embedment relative to crust thickness, average crust strength and increase of
shear strength of underlying layer relative to that of the crust.
8. Working and design loads for the commercial wind turbine foundation were plotted in
2-dimensional failure envelope load planes to determine any ‘spare’ capacity.
1.4 Organization of the Thesis
This thesis consists of the following 5 chapters.
Chapter one provides a brief introduction of the design approaches for wind turbine foun-
dations in the recommended codes [DNV (2002); ISO (2011)] and conventional methods. It
also highlights possible shortcomings of these methods and introduces nite element analysis
of foundation-soil systems as an alternative design approach. It also provides the aims and
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objectives of this research. The chapter ends with a brief description of the organization of
this thesis.
Chapter two reviews the design guidelines for wind turbine foundations given by DNV (2002)
and ISO (2011). It also elucidates the conventional methods used to take eccentricity and
inclination of loads into account to assess the bearing capacity. The published work pertaining
to investigation of the uniaxial and combined loadings response of foundations for dierent
shapes, embedment conditions and soil strength heterogeneity conditions through numerical
methods is also reviewed.
In chapter three, the development of a complete 3-dimensional model for the octagonal
foundation at Port Alma in the nite element program ABAQUS is described. Initially, a
2-dimensional plane strain model for a strip footing is created and the obtained uniaxial limit
capacities and failure envelopes are compared with published data. This helps in validating the
soil constitutive parameters, boundary conditions, contact denitions and mesh techniques.
Furthermore, development of model in 3-dimensions for a circular foundation is also explained.
Various cases of embedment depths and soil strength heterogeneity ratios to be considered in
this research are also presented. Details of a parametric study undertaken to investigate the
eects of surcial crust are also given.
Chapter four describes all of the major ndings in the form of results obtained from nite
element analyses of soil-foundation systems subjected to uniaxial and combined loadings. First,
the results of bearing capacity response of circular foundations subjected to combined loading
are presented in the form of uniaxial bearing capacity factors and failure envelopes (VH, VM
and HM). These results are compared with published data. Next, the ultimate uniaxial limit
capacities and failure envelopes obtained for octagonal foundations are presented. The eects
of embedments and change in soil strength homogeneity on bearing capacity are discussed.
The last chapter draws conclusions from the results presented in Chapter 4 on the bearing
capacity responses of circular and octagonal foundations. The increase in bearing capacity due
to change in the shape from a circle to octagon is also described. The eects of embedments,
soil strength non-homogeneity and surcial crust are critically evaluated. A brief discussion
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of optimization in the size of foundations is provided and the potential scope of future work is
presented.
Chapter 2
Literature Review
2.1 Introduction
This chapter provides a detailed literature survey on the bearing capacity response of founda-
tions subjected to combined loading. The literature review is focused on investigating bearing
capacities of surface or embedded gravity-based foundations in clayey soils with homogeneous
or heterogeneous strengths. Initially, design load cases for wind turbine foundations provided
by DNV (2002) and other limit state methods for foundation design are presented. Next, the
elastic behaviour of foundations subjected to combined loading is discussed. Later, fundamental
analytical and empirical approaches for foundation design and the current state-of-the-practice
for wind turbine foundations design are reviewed in the chapter. Finally, this chapter reviews
the numerical methods for modelling foundations subjected to combined loading. Especially,
past works related to nite element analysis of soil-foundation system are elucidated. The
eect of surcial crust on the undrained response of foundations is also explained.
A large portion of global designs of wind turbine foundations are based on the guidelines
provided by either DNV (1992), DNV (2002) or ISO (2011). Whilst these codes have been
updated from time-to-time to include state-of-the-art knowledge, they all have a basis in
classical bearing capacity theory, such as that proposed by Terzaghi (1943), to predict the
8
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capacity under centric vertical load. By introducing modication factors, e.g. as proposed
by Meyerhof (1963), Hansen (1970) or Green (1954), the ultimate bearing capacity is adjusted
to take into account the eect of depth, inclination or eccentricity of load and shape of the
foundation and the variation with respect to the benchmark 2d strip footing problem.
However, when foundations are subjected to complex loading these simple, analytical ap-
proaches fail to accurately predict bearing capacities. Indeed, many researchers have high-
lighted the conservative nature of bearing capacity envelopes deduced from conventional
methods e.g. (Bransby & Randolph, 1998); (Taiebat & Carter, 2000); (Gourvenec & Randolph,
2003); (Randolph et al., 2005). Most of these researchers used nite element analysis to investi-
gate oshore foundations where the problem of combined loading is a common scenario. Hence,
most of the papers reviewed here have a background in oshore geotechnical engineering.
2.2 Wind turbine foundation loading
In common with all foundations, those for wind turbines are subjected to dead and live loads.
However, the live loads for wind turbine foundations represent a very signicant percentage
of the overall loading. The live loads are due to the action of wind and other environmental
forces acting at the hub height of the turbine. The dead loads are due to the weight of the
superstructure, foundation and the soil backll. DNV (2002) and IEC 61400-1 provide design
load cases consisting of combinations of relevant design situations and external conditions.
The following combinations represent a minimum number of relevant combinations (DNV,
2002):
• Normal operation and normal external conditions;
• Normal operation and extreme external conditions;
• Fault situations and appropriate external conditions, which may include extreme external
conditions;
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• Transportation, installation and maintenance situations and appropriate external condi-
tions.
The design load cases must be analyzed for fatigue (F) or for ultimate loads (U). Using the limit
state design method, load combinations are checked for every ultimate limit state (ULS) and
also for the serviceability limit state (SLS). The governing variables in this partial safety factor
method consists of the loads/driving or destabilizing forces acting on the foundation and the
resisting forces due to the strength of the materials in the foundation. This method of design
is also known as load and resistance factor design (LRFD). The safety level of a foundation is
considered to be satisfactory when
Sd ≤ Rd (2.1)
where Sd is the design load and Rd is the design resistance.
The design load is increased by multiplying the characteristic load with partial safety factors
for loads (γ f ), while the design resistance is decreased by dividing the characteristic resistance
with partial safety factors for materials (γm). Note that the partial safety factors mentioned
in the code are not safety factors in true sense, but reduction or scaling factor for resisting
& driving forces respectively and account for the uncertainties & variability in loads and
materials. DNV (2002) does not mention partial safety factors specically for foundations.
However, IEC 61400-1 provides the values of partial safety factors broadly for loads and
materials. The minimum general value of partial safety factor recommended is 1.1.
The partial safety factors for loads in IEC 61400-1 are given in Table 2.1 below.
Unfavourable loads Favourable loads
Normal (N) Abnormal (A) Transport & erection (T) All design situations
1.35 1.1 1.5 0.9
Table 2.1: Partial safety factors for dierent load combinations (IEC 61400-1)
For more details on the use and applicability of partial safety factors, it is recommended to
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refer Section 7.6 of IEC 61400-1. The oshore standard DNV-OS-J101 for design of oshore
wind turbine structures, DNV (2014), also provides partial safety factors for various limit states
and load categories. The resistance factor recommended for undrained conditions by DNV
(2014) is equal to 1.25.
To simplify the analysis of wind turbine foundations, loads are subdivided into vertical,
horizontal and moment load components [(Zaharescu, 1961); (Ticof, 1977)]. All three loads are
assumed to act in the same vertical plane. The loads acting on a foundation with diameter D
& the resulting deections and rotations are shown in Fig. 2.1 below. It must be noted that
the eect of torsional loads are not considered in this research and therefore, not shown in
the table above and the gure below. However, a number of design codes do consider this
additional loading.
Figure 2.1: Nomenclature for foundation loading and geometry
where
V = Vertical load
H = Horizontal load
M = Moment load
w = Vertical displacement (in z-direction)
u = Horizontal displacement (in x-direction)
θ = Rotation about y-axis
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2.3 Elastic Behaviour of Foundations
The present research work concentrates on the study of the ultimate limit state of foundations
(i.e. bearing capacity) under uniaxial and combined loadings. However, in the context of
foundation design, the elastic behaviour of foundations is also of some importance. The
elastic behaviour of foundations can be expressed in two ways: 1. Elastic deformation and
2. Elastic Stiness. A preliminary foundation design can be obtained by calculating the elastic
deformations of foundations under applied loads using elasticity theory, which can facilitate
feasibility assessment. In addition, due to the requirement of rocking stability for wind turbines,
elastic analysis can become a governing criterion for foundation designs. Elastic stiness
parameters (e.g. rotational stiness) help in dening monotonic response of foundations and
in understanding the dynamic behaviour of the soil-foundation system. Elastic behaviour of
foundations in terms of elastic stiness is discussed below.
Foundation stiness (K f ) is similar to spring stiness (ks ) and is dened as the ratio of load
or moment to the deformation in the direction of the load or rotation respectively. Stiness
of a foundation must keep the deformations of soil below threshold values dened by the
serviceability limit state (SLS). For a foundation resting on the surface of a homogeneous
isotropic elastic halfspace, four types of loading scenario are possible: vertical, horizontal,
moment and torsion; resulting in 4 types of elastic stiness. For the case of a smooth surface
footing, horizontal or torsional loads cannot be applied, since no shear stress can be sustained
at the soil-foundation interface. In contrast, all four loadings are possible for a rough footing.
Shear stresses are developed (up to the undrained shear strength of the soil) due to the
foundation being rigidly connected to the soil. Table 2.2 provides the stiness parameters for
a circular surface footing on an elastic halfspace.
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Type Vertical Horizontal Rocking Torsional
4GR/(1 − ν ) 8GR/(2 − ν ) 8GR3/3(1 − ν ) 16GR3/3
ν = 0.5 8GR 5.33GR 5.33GR3 16GR3/3
Table 2.2: Elastic stiness for circular footing on an elastic halfspace
where
G = Shear modulus
R = Radius of the foundation
ν = Poisson’s ratio
With regards to these four stiness values, for wind turbines the rocking stiness is almost
always the critical design stiness parameter. This is because only rotational stiness controls
the location of the centre of gravity with respect to the foundation of the wind turbine
system (Lang, 2012). Turbine manufacturers usually specify a minimum value of rotational
stiness as a design requirement. For example, the value of minimum rotational stiness for a
typical 2.5MW wind turbine is 900MNm/ deg. Fig. 2.2 shows the stiness parameters and the
associated displacements or rotations. All stinesses depend on two key elastic parameters:
Poisson’s ratio and shear modulus [except for torsional stiness, which is independent of
Poisson’s ratio]. Besides this, these parameters also depend on the dimensions and embedment
of the footing. Rocking stiness varies cubically with radius and is more sensitive to changes
in radius, compared to vertical or horizontal stiness. For saturated undrained clayey soil,
Poisson’s ratio ν = 0.5 and values of stiness for incompressible soil (ν = 0.5) are also shown
in Table 2.2.
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Figure 2.2: Foundation stiness parameters and the associated deformation or rotation (Lang,
2012)
KV = Vertical Stiness
KH = Horizontal Stiness
KR = Rotational Stiness
Kψ = Torsional Stiness
Bell (1991) proposed the elastic stiness estimates for systems under coupled vertical, horizontal
and moment loading. Torsional loading was not considered, since it is not of great relevance to
many foundations. Bell (1991) postulated the existence of cross-coupling between horizontal
and moment loads when combined loading acts on a foundation. That is, in a compressible
soil, when a foundation is subjected to horizontal load, it not only undergoes translation, but
also rotation about an horizontal axis perpendicular to the direction of the load. Similarly, a
moment applied produces both rotation and translation. Bell (1991) expressed the stiness of
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a footing using a matrix approach:

V /(GR2)
H/(GR2)
M/(GR3)

=

K1 0 0
0 K2 K4
0 K4 K3


uV /R
uH/R
θM

(2.2)
where
K1 − K4 = Non-dimensional coecients
uV ,uH & θM = Displacements in z & x axis and rotation about y axis respectively
K4 represents the cross-coupling of horizontal and moment degrees of freedom. For the case
of undrained soil conditions i.e. (ν = 0.5), K4 becomes zero and horizontal & moment loading
become independent of each other.
Bell determined elastic solutions for the vertical and moment loading for both smooth and
rough footings using analytical and numerical methods. He also evaluated stiness coecients
K2, K3 and K4 by performing displacement-controlled nite element analysis. The values of
these coecients (calculated numerically when ν = 0 and 0.5) are given below in Table 2.3.
Rigid horizontal displacement Rigid body rotation
ν H/GRuH M/GR
2uH H/GR
2θM M/GR
3θM
(K2) (K4) (K4) (K3)
0 4.271 −0.7364 −0.7364 3.227
0.5 5.474 −0.0144 −0.0144 5.410
Table 2.3: Numerical results for horizontal and moment loading of a surface footing (Bell, 1991)
It is interesting to note that the values of K4 obtained by applying horizontal displacement
and rotation are exactly the same up to 4 signicant digits.
A similar analysis was performed by Doherty and Deeks (2003) for embedded foundations.
They used a scaled boundary nite element method to express the response of a circular footing
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embedded in non-homogeneous soil, in terms of dimensionless elastic stiness coecients.
The footing was subjected to vertical, horizontal, moment and torsional loads and was fully
bonded with the soil. Four dierent cases as shown in Fig. 2.3 were considered.
Figure 2.3: Footing geometry for various embedment conditions (Doherty & Deeks, 2003)
Case (a) represents a circular footing at the bottom of an open trench, case (b) represents
a fully embedded footing, case (c) represents an embedded footing (or short pile) with full
sidewall-soil contact, and case (d) represents a skirted foundation (or caisson), also with full
sidewall-soil contact.
Similar to Bell (1991), the stiness coecients were expressed in matrix form as given below
and can be used to calculate load-displacement response. However, Doherty and Deeks (2003)
also derived stiness coecients for torsional loads.

V
GRR2
H
GRR2
M
GRR3
T
GRR3

=

KV 0 0 0
0 KH KMH 0
0 KMH KM 0
0 0 0 KT


w
R
u
R
θM
θT

(2.3)
In their study, the shear modulus was assumed to vary exponentially with depth and was
expressed as:
G (z) = GR .
( z
R
)α
(2.4)
where GR is the shear modulus at a depth equal to radius of the footing and α is the non-
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homogeneity parameter varying between 0 and 1. The soil was considered linear elastic and
hence only two parameters: Poisson’s ratio and Young’s modulus were used to dene its
properties.
Doherty and Deeks (2003) demonstrated the use of eqn 2.4 by calculating results for four
dierent embedment ratios (0.5, 1, 2 and 4). Poisson’s ratio of 0.2 (to represent sands) and 0.5
(to represent undrained clays) were chosen. For each case, a non-homogeneous soil prole
with α ranging between 0 and 1 was considered. With increase in embedment ratio, all of
the stiness coecients except KMH also increase. The non-homogeneity parameter α has
a signicant eect on stiness coecients. For d/D = 0.5 and 1, the stiness coecients
remains relatively constant with increase in α . However, when d/D = 1 and 4, all of K values
except KMH increase with increase in α indicating that displacement elds get deeper as they
encounter material of increasing stiness. The eect of α is greatest for vertical and moment
load cases.
2.3.1 Small Strain Stiness & Degradation
DNV (2002) provides an empirical relationship to determine the small strain shear modulus
(G0) for saturated undrained clay.
G0 = 2600.Su (2.5)
Shear modulus of soil has been found to be a function of cyclic shear strain (γc ) mobilized
below the foundation interface. DNV (2002) provides expected range of shear strains (γ ) for
the three most important sources of dynamic loading of soils:
• Earthquakes: large strains up to 10−2 to 10−1
• Rotating machines: small strains usually less than 10−5
• Wind and ocean waves: moderate strains up to 10−2, typically 10−3 (includes wind
turbine foundations)
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With increase in cyclic shear strains, the shear modulus is reduced by a modulus reduction
factor (m) given by:
m = G/Go (2.6)
Fig. 2.4 shows the variation of the reduction factor with cyclic shear strain found by Vardanega
and Bolton (2011) who analyzed a detailed database of stiness degradation to estimate the
behaviour of clays and silts for static, cyclic or dynamic applications. The variation of reduction
factor given by DNV (2002) is also shown in the gure. The larger the shear strain, the higher
is the reduction in the shear modulus. A small decrease in shear strain can greatly increase
the operational shear modulus in the eld and in turn, increase the mobilized rotational
stiness of the foundation. DNV (2002) recommends γc = 0.001 for wind turbines, for which
m can vary anywhere between 0.30 and 0.70 depending on the type and state of soil. Further
work is required to determine accurate values of mobilized shear strain below a wind turbine
foundation so that foundation size can be optimised.
Figure 2.4: Variation of shear modulus as a function of cyclic shear strain
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2.4 Bearing Capacity Analysis for Onshore Wind
Turbine Foundations
2.4.1 Conventional Bearing Capacity Methods
In conventional approaches, analysis of complex loading (combined V, H & M) acting on a
foundation is based on the simplest case of pure vertical load acting on a strip footing. For the
condition of plane strain, Terzaghi (1943) presented the theoretical ultimate vertical bearing
capacity of strip footing resting on uniform soil as
qu = Q/BL = cNc + γDNq + 0.5γBNγ (2.7)
where qu is the ultimate bearing capacity For undrained uniform clay soil, eqn. 2.7 reduces to
qu = Q/BL = cuNc (2.8)
Thus, under undrained conditions, the ultimate vertical bearing capacity for a surface founda-
tion is dependent only on soil undrained shear strength/cohesion and bearing capacity factor.
The exact value of Nc was calculated analytically by Prandtl (1921) to be pi + 2. The Prandtl
failure mechanism is shown in Fig. 2.5.
Figure 2.5: Prandtl mechanism of soil failure (Prandtl, 1920)
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Figure 2.6: Hill mechanism of soil failure (Hill, 1950)
The Hill mechanism of soil failure is also shown in Fig. 2.6 given above. This is typically
associated with soils with strength increasing with depth.
However, foundations of wind turbines are not just subjected to purely vertical loads, but also
to inclined and eccentric loads, i.e. there is a component of horizontal force and moment acting
simultaneously. Under these inuences, the bearing capacity of the foundation usually reduces
substantially. To take into account the eect of eccentricity (e), Meyerhof (1953) proposed the
principle of eective width (B′) which is found from:
B
′
= B − 2e (2.9)
Thus, the original width is reduced by an amount equal to twice that of the eccentricity,
thereby lowering the contribution of soil shear strength (the 3rd term in eqn 2.7) to the bearing
capacity of the foundation. This holds true only if the eccentricity of the load is with respect
to a single axis of symmetry. When eccentricity of the load exists with respect to both the
axes of symmetry, the length of nite foundations (square, rectangular or circular) also gets
modied and is equal to the eective width. Thus, a foundation has an eective contact area
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Figure 2.7: Eective area (hatched) and eective width (Das, 2009)
with the soil given by:
A
′
= B
′ × L′ (2.10)
The eective breadths, lengths and foundation areas for square, circular and octangular footings
are shown in Fig. 2.10, 2.11 and 2.12 respectively in the next section. The geometric centre of
the foundation coincides with location of loading (the point on the foundation base where
resultant of the vertical and horizontal forces intersect).
For rough foundations, Meyerhof (1963) also proposed analytical solutions in the form of
inclination factors to calculate the eect of a load inclined at an angle α with the vertical (Fig.
2.8). The expressions are:
ic = iq = (1 − θ/90 ◦)2 (2.11)
iγ = (1 − θ/ϕ)2 (2.12)
With inclination factors and the eective width approach, the expression of bearing capacity
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Figure 2.8: Inclined load at an angle θ with centreline of foundation
is modied (eqn. 2.13), but still remains relatively simple and straightforward.
q = Q/B
′
L
′
= ic .c .Nc + iq .γ .D.Nq + 0.5.iγ .γ .B
′ (2.13)
Besides inclination and eccentricity of loads, in most practical geotechnical engineering
situations, foundations are usually placed a few meters below ground level. This increases the
bearing capacity owing to the higher shearing resistance provided by soil in contact with the
foundation sides. Skempton (1951) originally presented depth factors to show this eect and
based on many test results, Meyerhof modied them to suit practical design purposes, when
the depth of the foundation is less than the width or diameter of the foundation (d/B,d/D < 1).
dc =1 + 0.2.N 0.5ϕ .D/B (2.14)
dq =dγ = 1 when (ϕ = 0) (2.15)
dq =dγ = 1 + 0.1N 0.5ϕ .D/B when (ϕ > 10) (2.16)
With increase in the depth of the foundation, the depth factors increase at a decreasing rate.
Theoretical and semi-empirical factors were introduced into the bearing capacity equation
to consider the eects of change of foundation shape from a strip to a circle or square. For a
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footing under undrained conditions, the shape factors can be expressed as
sc =1 + 0.2.Nϕ .B/L (2.17)
sq =sγ = 1 (2.18)
Thus, Meyerhof’s work extended the bearing capacity theory given by Terzaghi (1943) to
take into account the eects of inclination & eccentricity of loads and shape & embedment
of foundation. It must be noted here that issues of inclination and eccentricity of loads were
addressed separately by Meyerhof. Hansen (1970) also similarly modied the simple empirical
formula (eqn. 2.7) to take into account the eects of inclined and eccentric loads. Hansen,
however, proposed dierent depth factors based on the D/B ratio.
dc =1 + 0.4.D/B when D/B < 1 (2.19)
dc =1 + 0.4 arctan (D/B) when D/B ≥ 1 (2.20)
Additionally, he proposed base inclination and ground inclination factors for an inclined
foundation base and sloping ground respectively. For the case of undrained soil (ϕ = 0),
Hansen introduced additive constants, instead of factors, which are theoretically more correct.
q = Q/A = (pi + 2).Cu .(1 + sc + dc − ic ) (2.21)
An obvious advantage of introducing additive constants in the equation instead of multiplica-
tive factors is that the eects of shape, depth and inclination can readily be understood by a
reader just by looking at the equation. While shape and depth have an increasing eect on
bearing capacity, inclination decreases the ultimate capacity of foundation.
2.4.2 The DNV Design Guidelines
The DNV (2002) guidelines are widely accepted and used in the wind industry for wind turbine
foundation design in conjunction with local/country-specic design codes. Additionally, DNV
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(1992) and ISO (2011) provide recommended practices for oshore geotechnical and foundation
design.
DNV (2002) considers the stability of foundations by adopting limit equilibrium methods to
ensure equilibrium between the driving and resisting forces. Onshore wind turbine foundations
usually have relatively smaller footprints and hence the problem of ultimate bearing capacities
is solved by assuming idealized conditions. With a combination of vertical (V) and horizontal
(H) forces, the bearing capacity is calculated in the same way as suggested by Meyerhof (1963)
or Hansen (1970).
Figure 2.9: Loading under idealised conditions (DNV, 2002)
The forces H and V shown in the Fig. 2.9 above represent design forces, i.e. characteristic
forces multiplied by partial safety factors. The eccentricity (e) of the load is calculated using:
e = Md/Vd (2.22)
Md is the resulting design overturning moment at the foundation-soil interface due to the
combination of vertical and horizontal forces. When e ≤ 0.3B, rupture 1 in Fig. 2.9 is considered
the most critical failure surface with respect to stability. When e > 0.3B, rupture 2 becomes
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the most critical failure surface and bearing capacity is calculated with:
qd = γ
′.be f f .Nγ .sγ .iγ + cd .Nc .sc .ic (1.05 + tan3 ϕ) (2.23)
Under undrained conditions (ϕ = 0), this equation reduces to:
qd = cd .Nc .sc .ic .1.05 (2.24)
Thus, for undrained soils under extremely eccentric loading, the bearing capacity increases
by at least 5% assuming all inclination factors remain the same. However, the values of the
inclination factors in both cases are dierent (Table 2.4).
Rupture type ic
Rupture 1
√
0.5 + 0.5[1 − H/(Ae f f .cud )]
Rupture 2
√
[0.5 + 0.5
√
1 + H/(Ae f f .cud )]
Table 2.4: Inclination factors for dierent rupture conditions
The value of ic for the case of rupture 2 is about 33% higher than that of rupture 1. The
overall increase of bearing capacity in the case of extremely eccentrically loaded foundations
can be attributed to the failure of additional soil below the unloaded part of the foundation
corresponding to the area under the heel.
Under eccentric loading, like Meyerhof (1963), DNV also suggests using an eective foundation
area (Eqn 2.10). However, they both dier in the calculation of eective width and length
(Table 2.5). When load eccentricity is with respect to only one of the two symmetry axes of
the foundation, the eective width is the same as that shown in eqn. 2.9. The eective length
is equal to the original width of the foundation. Meyerhof (1963), however, did not explicitly
mentioned eective length in this case. For the case of double eccentricity, i.e. when load is
eccentric with respect to both the symmetry axes, Meyerhof (1963) suggests using an eective
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length L′ = B′ = B − 2e . On the other hand, DNV recommends using L′ = B′ = B − e .√2 (Table
2.5).
Figure 2.10: Load eccentricity with respect to one of two symmetry axes (DNV, 2002)
Figure 2.11: Load Eccentricity with respect to both the symmetry axes (DNV, 2002)
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Load eccentricity Methods for
calculating Ae f f
B′ L′
Single
Meyerhof B − 2e No mention
DNV (2002) B − 2e B
Double
Meyerhof B − 2e B − 2e
DNV (2002) B − e√2 B′ = b − e .√2
Table 2.5: Comparison of eective width and length between Meyerhof & DNV methods
Meyerhof’s method underestimates the contact area by approximately 1.2%, as compared to
that given by DNV in the case of doubly eccentric load. With a circular foundation, an elliptical
eective area is dened.
Ae f f = 2[R2. arccos(e/R) − e
√
(R2 − e2)] with major axes (2.25)
be =2(R − e ) and
le =2R (1 −
√
(1 − b/2.R)2)
To simplify this process, a provision to represent the elliptical eective area as a rectangular
area is also mentioned:
Le f f = (Ae f f .Le/be ) (2.26)
be f f = (le f f /le ).be (2.27)
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Figure 2.12: Eective area for circular and octagonal foundations (DNV, 2002)
For octagonal wind turbine foundations, the eective area is the same as that calculated for
circular foundations as long as the radius of the inscribed circle of the octagon (Fig. 2.12 is
used for the calculations. Analytical methods such as those by Meyerhof (1963) or Hansen
(1970) did not address the question of load eccentricity or inclination for the case of polygonal
foundations.
Under undrained conditions, the shape factor sc is given by:
sc = 1 + 0.2.be f f /le f f (2.28)
Thus, the increased bearing capacity of the foundation due to the shape is dependent on
eective dimensions of footing contact area.
In addition to the ultimate bearing capacity, DNV also recommends a check of stability of the
foundation against horizontal sliding by providing two criteria:
H < Ae f f .cud (2.29)
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H/V < 0.4 (2.30)
These two conditions dene the maximum allowable value of destabilizing horizontal force at
the interface. While the rst condition (eqn. 2.29) limits it to the undrained shear strength of
the soil, the latter condition (eqn. 2.30) limits it to 40% of the vertical load. The latter condition
also subtly implies that reduction of vertical load beyond a certain value can make sliding
failure critical and reduce the reliability of design. Therefore, combinations of horizontal and
vertical design loads must be carefully chosen to maintain the H/V ratio.
For embedded foundations, DNV (2002) recommends that the same formula, as used for surface
foundations, can be utilized but with a note that it would be conservative. Alternatively, DNV
(1992) suggests the following depth factor for foundations.
dc = 0.3 arctan(D/B′) (2.31)
Hansen (1970) also gave a similar depth factor.
dc = 0.4 arctan(D/B) (2.32)
While the depth factor suggested by Hansen (1970) is dependent on the original width B,
that given by DNV depends on the eective width of the foundation. For soils with linearly
increasing undrained shear strength with depth, DNV (1992) provides a solution for obtaining
the ultimate capacity of the foundation.
qu = F .(5.14.suo + k .B′/4) (1 + sc + dc − ic ) (2.33)
The above equation is considered a modied form of the eqn. 2.21 given by Hansen (1970).
The terms kB′/4 and correction factor F have been added to take into account the eects of
linearly increasing strength and are based on the method given by Davis and Booker (1973),
see Section 2.5.1 for further details.
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2.4.3 The ISO Design Guidelines
The ISO (2011) design guidelines published by the American Petroleum Institute (API) provides
geotechnical and foundation design considerations specic to oshore structures. ISO guide-
lines are also recommended for use with the foundations subjected to less complex loading and
soil conditions, such as onshore wind turbine foundations, which are exposed to less severe
environmental forces as opposed to their oshore counterparts. Therefore, the methods used
to obtain responses for shallow foundations stated by these guidelines are reviewed here. Like
DNV, ISO also recommends using limit equilibrium methods to obtain foundation stability
under ultimate limit state conditions. The ISO (2011) guidelines take into account the eects of
shape and embedment depth of foundations, and inclined & eccentric loads in a very similar
manner to that given by DNV (2002). Therefore, the reader is directed to Section 7 of ISO
(2011) for more thorough explanations of these eects. Only those aspects where ISO (2011)
diers signicantly from DNV (2002) are presented here.
• ISO recommends calculating failure envelopes encompassing a range of loads to capture
the ultimate capacity of a foundation under eccentric or inclined loading. Safety factors
are applied to obtain failure envelopes for allowable loads. Safety factors are applied
only to ultimate loads and not to environmental forces & storm loads.
• For embedded foundations, design vertical loads can be modied in a similar fashion as
that for skirted foundations. Alternatively, under inclined loading, horizontal loads can
be oset by reducing them using safety factors to reect increase in bearing capacity
due to embedment.
• Tensile stresses must be avoided under the foundation. A minimum factor of safety 1.5
and 1.0 is recommended against averaged soil tension and any localized tension under
the foundation respectively.
• ISO states that the eective area rule, such as that suggested byMeyerhof can be conservative,
especially for the case of large overturning moments and horizontal forces. In such cases, it
is recommended to explicitly express combinations of vertical, horizontal and moment
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loads in terms of load surfaces or interaction diagrams. Examples of 3-dimensional VHM
failure envelopes for no-tension and full adhesion are shown in the guidelines. Key
references are cited for further reading on numerical and analytical work on combined
loading of shallow foundations and the eects due to embedment, shape & soil strength
heterogeneity. ISO recommends seeking specialist geotechnical advice when using the
alternative yield surface design approach.
• For sliding failure, unlike DNV (2002), ISO species only 1 criteria which is to limit max-
imum horizontal stress developed at the interface to the undrained soil shear strength.
2.5 Foundations Subjected to Combined Loading:
the Failure Envelope Approach
In the light of increasing lateral loads and overturning moments on foundations in atypical
environments, the validity of traditional design methods to accurately predict bearing capacities
under general loading has been questioned by many researchers [e.g. Bransby and Randolph
(1999); Houlsby and Puzrin (1999); Gourvenec and Randolph (2003); Randolph et al. (2005)].
The conventional methods given by Meyerhof (1963) & Hansen (1970), and design guidelines
frin DNV & ISO do not take 3-dimensional geometry of foundations into account explicitly.
Due to the shape and depth of embedment, more soil around the foundation edges is mobilized
and additional slip surfaces are formed in front of, behind and above the base of the footing,
providing higher shear resistance and greater bearing capacity. Conventional methods fail
to explain this eect thoroughly. For wind turbine foundations, where horizontal forces and
overturning moments play a major role in loading, sliding failure can become critical in many
cases and these traditional design methods can give conservative results.
Several numerical studies have been conducted to study the ultimate bearing capacities of
foundations subjected to complex loading to better understand their stability. Zaharescu (1961)
and Ticof (1977) suggested that eccentric and inclined loads acting on a foundation can be
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expressed as a combination of vertical, horizontal and moment loads explicitly. These loads
can then be drawn in two or three dimensional load space as failure envelopes or ‘interaction
diagrams’. The availability of such diagrams can help designers in making cost-eective design
by providing a range of options to choose the appropriate combination of loads safely, rather
than relying on a single uniaxial capacity factor (Buttereld et al., 1997). A literature review
of works pertaining to the computation of bearing capacities and their expressions in the
form of combined load space failure envelopes are covered in the next sections of this chapter.
The methods, scope, mesh details, loading method and conclusions are summarized wherever
necessary. The papers reviewed here study the response of foundations and the inuence of
many parameters, viz. shape, depth of embedment and soil strength heterogeneity (e.g. soil
with linearly increasing strength with depth) on the bearing capacities of foundations. The
research work on the eect of surcial crusts on the bearing capacity of a foundation is also
reviewed.
2.5.1 Review of Failure Envelope Papers
The eect of soil strength heterogeneity was studied by Davis and Booker (1973) who used the
theory of plasticity to obtain bearing capacity responses of foundations on clays with strength
inhomogeneity in the vertical direction. They showed that the rate of increase of cohesion
with depth played the same role as that of the density in homogeneous c − ϕ soils. A bearing
capacity expression for a rigid strip footing when a sti crust layer is present over soft clayey
layer with linearly increasing strength, was calculated (eqn. 2.34). The variation of cohesion
with depth is shown in Fig. 2.13.
Q/B = F [(2 + pi )Su0 + ρB/4] (2.34)
where F is a correction factor, ρ is the strength gradient (kN/m)and B is width of the strip
footing. As compared to a footing on homogeneous soil, the roughness of the footing has a
small but signicant eect on the bearing capacity of the footing. In eqn. 2.34, smoothness
or roughness of a footing is taken into account by changes in the correction factor F . The
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variation in the correction factor F with the strength gradient is shown in Fig. 2.14.
Figure 2.13: Variation of cohesion with depth
Figure 2.14: Variation of the correction factor with the strength gradient for smooth and rough
footing (Davis & Booker, 1973)
The solutions from plasticity theory were also compared with that calculated from the con-
ventional slip circle method. When ρB/Su0 is zero, the slip circle solution is only 8% greater
than the exact plasticity solution. However, when Su0/ρB is zero, the conventional solution is
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350% greater. This poor performance was attributed to the conventional method taking the
plastic work into account only partially.
Tani and Craig (1995) studied surface strip and circular foundations on soils with linearly
increasing strength with depth. The main aim of this study was to understand the behaviour
of deep skirted foundations. A linearly increasing strength prole with depth was expressed
with a non-dimensional ratio kB/cu0 where k (shown as ρ in eqn. 2.34) represents the rate of
increase of undrained strength cu0 with depth z and cu0 is the undrained shear strength at soil
surface or mud-line. The value of k can range from 0 to 30. Such a linearly increasing strength
prole is suitable for normally consolidated (NC) or lightly over consolidated (OC) clays. Both,
smooth and rough contacts were considered. Bearing capacity response of strip and circular
foundations resting on soil surface was studied under plane strain and axisymmetric conditions
respectively. Centrifuge experiments were also carried out on circular models founded in
clay to verify the theoretical results. Models were subjected to uniaxial vertical load only.
For clays, the value of k (typically 0.6 kPam−1 to 3 kPam−1) can be estimated as product of
eective unit weight (γ ′= 4 kNm−2 to 10 kNm−2) and rate of increase of undrained strength
cu due to eective vertical consolidation stress σv ′ under normally consolidated conditions
∆cu/σv ′ (typically 0.15 ≈ 0.30).
Using the stress characteristic method, bearing capacity of foundation was calculated theo-
retically in terms of shape and depth factors taking increasing shear strength into account.
Since it was essential to accurately characterize the linearly varying strength prole, the cone
penetration test technique was used for the centrifuge. The theoretical method proposed
overestimated the experimental results by 6 to 17%. Punching shear failure was also observed
in the model clay beds conned at shallow depths.
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Figure 2.15: Relationship of Nc0 with kB/c0 or kD/c0
Fig. 2.15 shown above gives bearing capacity factors with variations in kB/c0 or kD/c0 and
compares it with the solutions of Davis and Booker (1973) & Houlsby and Wroth (1983) for
strip and circular footings. Excellent agreement was found for the results of smooth footings.
The results for the rough footing were, however, less consistent as constructing an appropriate
stress eld is dicult.
The undrained bearing capacity of strip and circular surface foundations on a deposit with
varying degrees of soil strength heterogeneity was investigated by Shen et al. (2016) using nite
element analyses. A zero-tension interface was used in the analyses by assuming a coecient
of friction, µ = 20. This gives an angle of internal friction, ϕ = 87.1◦ (≈ 90◦). Displacement
controlled probe tests and sideswipe tests were used to identify VH and VM failure envelopes.
For the VHM envelope, a constant vertical load was imposed as a proportion of ultimate
vertical load and subsequently, displacement probe tests were used to apply horizontal and
moment loads.
The traditional approach of superimposing VH and VM solutions to represent combined VHM
conditions was shown to be conservative. VHM failure envelopes derived by the conventional
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method and Shen et al. (2016) are shown in Fig. 2.16. The asymmetry of envelopes increases
with increasing vertical load mobilization and degree of soil strength heterogeneity. An
approximate expression was also proposed (shown as Eqn. 9 in the Fig. 2.16).
( h
h∗
)2
+
( m
m∗
)2
= 1 (2.35)
where
h∗ =1 − 4(v − 0.5)2 ,v > 0.5
h∗ =1 ,v ≤ 0.5
and
m∗ = 4(v −v2)
q = 1.5 for strip and circular foundations.
Figure 2.16: Failure envelopes for circular foundations for VHM loading (Shen et al., 2016)
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A special case of soil strength heterogeneity occurs with the presence of a surcial crust of
high shear strength on a relatively soft clayey soil. The heterogeneity of soil exists in the
form of two layers with variable strengths; one being much higher than the other. Feng et al.
(2015) investigated the undrained bearing capacity response of rectangular mudmats under
fully three-dimensional loading, V-H2-M2-T in soils with a surcial crust overlying normally
consolidated clay. Horizontal loads were applied along x and y axes (Hx and Hy). Similarly,
moment was applied about both the axes (Mx and My).
Figure 2.17: Soil strength prole (Feng et al., 2015)
Fig. 2.17 shows the general loading for a rectangular mudmat and the conceptual model the
researchers used to dene the problem, where
Subs = Undrained shear strength of the layer underlying the crust
Sut = Average undrained shear strength at top near the soil surface
tc = Thickness of the crust
k = Rate of change of undrained shear strength of underlying layer below the crust to
crust thickness.
From a parametric study, they found that the pure vertical and moment capacity depends on
the shear strength ratio between the underlying soft clay and stronger crustal layer, subs/sut ,
thickness of the crust relative to the foundation width, tc/B and the foundation embedment
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relative to the crust thickness, d/tc . Mathematically, this was expressed as
Vult
Asut
or Mult
ABsult
= a1
(subs
sut
)a2
(2.36)
where the coecients a1 and a2 are a function of d/tc and tc/B. Normalized envelopes in
VH, VM, VH, HT and HM planes were presented and approximate expressions (Table 2.6) to
describe the shape of the envelopes were provided, which can be easily implemented into an
automated calculation tool, to provide an optimized foundation design in terms of foundation
geometry, soil strength characteristics or load components.
2-dimensional plane Approximate expressions
VH h = 1 forv ≤ 0.4
v = 0.4 + 0.6
√
1 − h2.5−cos2 θ forv > 0.4
VM v = (1 −m)p
VT t = 1 forv ≤ 0.4
v = 0.4 + 0.6
√
1 − t6(d/tc−0.5)2 + 2 for t < 1
HT
(
H
Hult
)m
+
(
M
Mult
)n
= 1
HM
 M∗M∗ult M∗|M∗ | − α0 HHult M∗|M∗ | + β0
(
H
Hult
)2
3
×
(
1 − 0.9 HHult M
∗
|M∗ |
)
+
(
H
Hult
)2
= 1
Table 2.6: Approximate expressions for normalized failure envelopes
Bransby and Randolph (1998) investigated the response of skirted foundations subjected to
combined loading. They performed 2-dimensional nite element analysis and upper bound
analysis on an equivalent surface strip footing in undrained soil with linearly increasing
strength. The non-dimensional strength heterogeneity factor kB/Su0 was usually kept equal
to 6, where Su0 is undrained shear strength at the mud-line. This particular value was chosen
since it led to mechanistic behaviour typical for a wide range of kD/Su0. Footing-soil contact
was assumed to be rough. Yield loci in VH, VM and HM planes were obtained by performing
‘side-swipe’ tests originally suggested by Tan (1990) and displacement probes. A side-swipe
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test consists of two stages. In the rst stage, the foundation is loaded till the ultimate point
in one direction (usually vertical) and in the second stage, it is loaded till the ultimate point
in second direction (usually horizontal or moment), keeping the load in the rst direction
constant. Displacement probe tests were used to verify the shape of yield locus predicted by
the side-swipe tests. All loads were applied at a single reference point which was the centre of
the base of the foundation.
The ultimate vertical load was compared with solutions from plasticity analysis. When
kD/Su0 = 6, the value of Nc = 10.7 compares well with that found out by Tani and Craig
(1995) [10.49] and Houlsby and Wroth (1983) [10.37]. In the VH and VM planes, the shape of
the yield locus was found to be similar to that reported by previous works (Fig. 2.18 & 2.19).
Whereas in the HM plane, the yield locus diered signicantly (Fig. 2.20). This was attributed
to the coupling of horizontal force and moment. A scoop mechanism or wedge-scoop-wedge
mechanism was observed post failure due to combined HM loading.
Figure 2.18: Yield locus under VH loading
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Figure 2.19: Yield locus and displacement mechanisms under VM loading
Figure 2.20: Comparison between nite element method and upper bound deformation mech-
anism under HM loading
Taiebat and Carter (2000) determined the response of a surface circular foundation resting on
a homogeneous clay soil. Three-dimensional nite element analysis was performed to obtain
the VH, VM, HM and VHM failure envelopes. The soil-foundation interaction was assumed to
be completely rough and fully bonded. While a rough contact allows development of shear
stresses, a fully bonded contact sustains unlimited tension at the interface. A rough contact
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denes the tangential behaviour while a fully bonded contact denes the normal behaviour at
the interface. No separation was assumed to occur between the foundation and soil due to the
suctions developed during undrained behaviour. Swipe and displacement probe tests were used
to perform displacement controlled analysis. To dene the point of uniaxial ultimate vertical
and moment load, a very small horizontal loads was applied (e.g. V/H = 60). Calculation of
vertical bearing capacity factor and load-displacement response of footing under vertical and
horizontal load is illustrated in Fig. 2.21. From the gure, a value of v0 = 5.7 was computed
and was considered the ultimate vertical point.
Under pure moment, moment capacity factor m0 = 0.80 was found. A very small horizontal
load in the ratio M/H = 100 was applied to better detect the ultimate moment point. Derived
solutions were compared with the conventional methods graphically (Fig. 2.22).
Figure 2.21: Load-displacement response under VH loading (Taiebat & Carter, 2000)
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Figure 2.22: Failure in non-dimensional VH plane (Taiebat & Carter, 2000)
Figure 2.23: Failure in non-dimensional HM plane (Taiebat & Carter, 2000)
In common with Bransby and Randolph (1998), Taiebat also reported that with positive moment
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and positive horizontal load, maximum moment capacity is achieved (Fig. 2.23), in contrast
to positive moment alone. This demonstrated the coupling between horizontal and moment
degrees of freedom. A maximum moment capacity factor m0 = 0.89 was found which is
11% higher than that found under pure moment. This coincided with horizontal load of
H = 0.71ASu .
Under inclined loading (vertical and horizontal force), critical angle, measured from the
vertical direction, was predicted to be 19 ◦, which is the same as that predicted by the modied
expression of Bolton (1979) but a little higher than the 13 ◦ calculated from Vesic (1975). The
modied expression of Bolton (1979) for a circular footing, using a shape factor of sc = 1.2 can
be written as:
V
A
= 1.2Su
1 + pi − arcsin
( H
ASu
)
+
√
1 −
( H
ASu
)2 (2.37)
An important outcome of the research was that conventional methods of calculating bearing
capacity does not always yield conservative results. For example, under high horizontal loads,
the conventional method overestimates the bearing capacity (Fig. 2.22). However, failure
envelopes in the VM planes calculated by conventional methods were found to be conservative
compared to those calculated by numerical methods. The extent of the plastic zone and
displacement vectors showing movement of soil were also presented for each case.
Taiebat and Carter (2002a) analyzed the response of strip and circular foundations subjected
to eccentric loads. Special ‘no-tension’ interface elements were used to model the separation
between footing and soil. For strip foundations, 2-dimensional analysis and for circular
foundations, 3-dimensional nite element analysis were performed. A new set of shape factors
for circular footings with smooth and rough contacts was proposed; 1.11 and 1.18 respectively,
which is less than 1.2 proposed by Meyerhof (1953). Failure surfaces deduced from numerical
analysis were compared with lower and upper bound solutions. It was concluded that under
eccentric loads alone, conventional methods predict collapse loads with reasonable accuracy.
Gourvenec and Randolph (2003) explored the inuence of foundation shape and soil strength
heterogeneity on the shape and size of 2-dimensional failure envelopes (i.e. VH, VM and
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HM planes). Two and three dimensional nite element analysis were performed on strip and
circular foundations fully bonded with clayey soil. Additionally, upper bound limit analysis
was conducted to validate the nite element results. Swipe tests and displacement probe tests
were used to obtain uniaxial limit loads and failure envelopes.
In the VH plane, the eects of shape or soil non-homogeneity were found negligible and the
Green’s solution (1954) could be scaled as per magnitude of ultimate vertical load to obtain the
failure envelope. However, in the VM and HM planes, the degree of heterogeneity signicantly
inuenced the shape of the envelopes. While normalized envelopes in the VM plane could be
tted with a power law relationship, no simple relationship could be derived for the HM plane
due to its complex shape. Normalized size of failure envelopes were found to be similar for
strip and circular footings (Fig.2.24,2.25). This research work showed that for a footing subjected
to combined loading, scaling of the failure envelopes for homogeneous conditions to derive failure
envelopes for non-homogeneous conditions would be non-conservative. This can be attributed to
changing kinematic failure mechanisms due to changes in loading state and heterogeneity.
Figure 2.24: Normalized failure envelope in VH plane for circular footing (continuous line)
and strip footing (dotted line) (Gourvenec & Randolph, 2003)
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Figure 2.25: Normalized failure envelope in VM plane for circular footing and strip footing
(Gourvenec & Randolph, 2003)
Figure 2.26: Failure envelope in HM plane for circular footing and strip footing (Gourvenec &
Randolph, 2003)
Salgado et al. (2004) performed rigorous 3-dimensional nite element limit analysis on rough
strip, circular, square and rectangular footing in clays under the action of centric vertical loads.
Footings were placed at 13 dierent embedment ratios. Limit base resistances of these footings
placed at various depths were deduced to calculate their lower and upper bound limits. Closed
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form expressions for shape and depth factors proposed by Salgado and other previous works
are given in Table 2.7.
Author Shape factor(sc ) Depth factor (dc )
Meyerhof (1953) & Skempton
(1951)
1 + 0.2.B/L 1 + 0.2.d/B
Hansen (1970) 1 + 0.2.B/L
1 + 0.4.d/B
for d/B < 1
1 + 0.4. arctan(d/B)
for d/B ≥ 1
Salgado et al. (2004) 1+0.12.B/L+0.17
√
(d/B) 1 + 0.27.
√
d/B
Gourvenec (2008)
dcVult 1+0.86.d/B−0.16.(d/B)2
dcHult 1+4.46.d/B−1.52.(d/B)2
dcMult 1+1.27.d/B+1.27.(d/B)2
Table 2.7: Closed form expressions for shape and depth factors
All of the shape and depth factors proposed by Meyerhof (1953) were found to be conservative.
ForD/B < 0.5, the depth factor proposed by Hansen (1970) was found to be conservative, while
for D/B ≥ 0.5, it was found non-conservative. A very narrow band of upper and lower bound
solutions for strip footings was obtained. In contrast, the two bounding solutions diverged at
greater depths for other footing shapes. By proposing denite values of shape and depth factors,
Salgado’s work helped to reduce uncertainties in predicting ultimate bearing capacity.
Gourvenec (2004) examined the response of shallow circular foundations for varying soil shear
strength conditions. Unlike Gourvenec and Randolph (2003), wherein swipe and probe tests
were used, Gourvenec (2004) applied vertical load as force and horizontal & moment loads as
displacements at xed ratios. Since rough contact was considered for the 3-dimensional model,
moment resistance is developed even at zero vertical load. Kinematic mechanisms under failure
due to maximum moment were shown for dierent soil conditions and vertical loads. At zero
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vertical load and homogeneous conditions, a near-perfect scoop mechanism was observed
similar to that reported by Bransby and Randolph (1998). As strength heterogeneity increases,
soil deformations are conned towards the upper soil layers having low shear strength and
depth of failure decreases (Fig. 2.27). This indicates that shallower layers play a more important
role in forming the failure mechanisms as strength heterogeneity increases. Increasing strength
heterogeneity also leads to increasing eccentricity of the HM failure envelope.
With increase in vertical load, transformation of the failure mechanism from scoop (ho-
mogeneous soil) or wedge-scoop-wedge (heterogeneous soil) mechanisms to wedge-scoop
mechanisms were observed. The derived failure envelopes for HM plane at dierent vertical
loads were compared with envelopes obtained from conventional design methods (Fig. 2.28)
by scaling and highlighted the extra capacity neglected by conventional design methods
conrming the ndings of Gourvenec and Randolph (2003).
Chapter
2.
Literature
Review
48
Figure 2.27: Failure mechanisms under maximum moment (Gourvenec, 2004)
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Figure 2.28: Failure loci from FEM (green) and conventional method (pink) for V = 0.5Vult
(Gourvenec, 2004)
Figure 2.29: Failure loci from conventional method (All V) (Gourvenec, 2004)
Edwards et al. (2005) inspected the response of strip and circular footings at dierent embed-
ment ratios ranging from 0 to 4. In nite element analysis, they considered only 2-dimensional
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geometry and applied vertical loads in the form of vertical displacements. The soil had uniform
undrained strength throughout its depth. The soil-foundation base interface was always rough,
whereas the sides were either smooth or rough. They demonstrated that the depth factors for
circular footing were signicantly larger than that those for strip footings. They also showed
that these factors are not unique for any foundation shape, but depend on the roughness
between the vertical sides of the footing and soil. They suggested that solutions derived by
Salgado et al. (2004) for lower bound and that derived by Martin (2001) for circular footings
embedded at d/B > 1 needed further optimization. For smooth strip footings, solutions given
by Skempton (1951) were found to be in good agreement with the nite element results.
However, Edwards et al. (2005) did not provide any closed form expressions for the shape and
depth factors.
Yun and Bransby (2007) specically investigated the eects of embedment ratio on shape and
size of the HM failure envelopes under combinations of horizontal and moment loads with
zero vertical load. Citing similarities of soil deformation mechanisms and associated bearing
capacity envelopes for strip and circular foundations, only strip foundations were studied.
Both nite element analysis and upper bound plasticity analysis were conducted. Soil-footing
contact was fully bonded and this allowed development of horizontal and moment capacity
even at zero vertical load. Analysis on uniform soil and normally consolidated undrained soil
were performed. The load reference point was taken as the mass centre of the foundation
rather the usually adopted centre of foundation-soil interface at the base. It was found that as
the embedment ratio increases, the eccentricity of the failure envelopes also increases near
Mult and Hult . This was attributed to a scoop-type mechanism near Mult and a reverse-scoop
mechanism near Hult . The failure conditions for embedded foundations and equivalent surface
foundations diered signicantly and hence it was emphasized to consider embedments of
foundations explicitly.
Research by Gourvenec (2008) addressed the eects of embedment on undrained bearing
capacity of surface strip foundations by performing 2-dimensional analysis. Foundations were
subjected to uniaxial limit loads as well as combined loadings. Four embedment ratios very
similar to that considered by Yun and Bransby (2007) were used. Unlike Yun and Bransby
Chapter 2. Literature Review 51
(2007), Gourvenec (2008) also studied the shape and size of failure envelopes under VH and
VM loadings. A completely bonded contact for the bottom as well as the sides was assumed,
suitable for oshore scenarios. To achieve accurate results, swipe tests were carried out only
for surface foundations to deduce VH and VM failure envelopes. For achieving all other results,
xed-ratio displacement tests were done.
It was concluded that the size and shape of failure envelopes for a strip foundation are
dependent on embedment ratio. Uniaxial limit capacities were found to vary with the square
of the embedment ratio. Increasing embedment ratios does not signicantly add to Vult and
Hult . On the other hand, additional embedment is increasingly benecial for pure moment
capacity. Similar to the ndings of Yun and Bransby (2007), it was concluded that with increase
in embedment ratio, the eccentricity of HM failure also increases. It is usually assumed that
failure envelopes derived for a foundation fully bonded with soil on surface can be scaled by
the respective limit loads to obtain the failure envelope for an embedded foundation. However,
this work (Gourvenec, 2008) showed that this assumption is not true and it ignores the extra
capacity mobilized due to coupling of horizontal and moment degrees of freedom. This highlighted
the conservative nature of depth factor used in conventional design practice.
Taiebat and Carter (2010) investigated failure responses of a surface circular footing resting on
undrained soil. Both, contacts with no tension and full bonding (adhesion) were modelled at the
interface. ‘Modied’ swipe and displacement probe tests were conducted with a 3-dimensional
nite element model to obtain two and three-dimensional failure envelopes. In the modied
swipe tests, the displacement was applied in the rst direction (usually vertical) till ultimate
point in that direction is reached. During the second portion of loading, the incremental
displacements in the rst direction are reduced gradually from its maximum value using a
cosine function, while the incremental displacements in the second direction increases from
zero to its maximum value using a sine function. The modied swipe loading improves the
accuracy of the failure envelope predicted by swipe loadings. Load controlled tests were also
performed to cover the entire failure envelope.
For the case of no-tension interface, the foundation cannot sustain any moment in the absence
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of vertical load. For a constant value of moment and horizontal load, the value of vertical
load can be increased up to 0.5Vult i.e. half of that of the uniaxial ultimate vertical capacity.
However, for loads beyond this value, factor of safety decreases and further loading can cause
footing failure. A scallop shape VHM failure envelope for a smooth interface was found; this
was smaller and slightly non-symmetric (Fig. 2.30) compared to that found for the rough
interface (Fig. 2.31). This study revealed that for practical combinations of loads, conventional
methods underestimate the bearing capacity, while for large horizontal loads and/or vertical
loads, conventional theory overestimates the results. Additionally, it indicated that Meyerhof’s
eective area rule provides a good approximation of bearing capacity for a no-tension criterion
for circular footings on clays, whilst when full adhesion is assumed, the methods become
conservative in cases of large eccentricity.
Figure 2.30: 3-dimensional failure envelope in VHM plane, no tension interface (Taiebat &
Carter, 2010)
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Figure 2.31: 3-dimensional failure envelope in VHM plane, full adhesion interface (Taiebat &
Carter, 2010)
Gourvenec and Mana (2011) extensively determined the undrained vertical bearing capacity
factors for shallowly embedded foundations (strip and circular) with varying soil-foundation
roughness and soil strength heterogeneity. Finite element analysis along with nite element
limit analysis for 2-d plane strain and axisymmetric models were used to calculate the best
estimates of bearing capacity factors. For soil-foundation bottom being rough, the sides
were either smooth, of intermediate roughness or rough whereas for soil-foundation bottom
smooth interface, the sides were also assumed smooth always. A summary of published studies
reporting undrained vertical bearing capacity factors of shallow foundations was given (see
Table 2.8 ).
The relationship between base interface roughness, embedment ratio and soil strength hetero-
geneity is quite complex and this prevented denition of accurate closed-form expressions for
vertical bearing capacity factor. However, an approximate expression was proposed. For a
strip foundation,
Nc0 = Nc0,α=0 +C
d
B
α (2.38)
Chapter 2. Literature Review 54
and for a circular foundation
Nc0 = Nc0,α=0 +C
d
D
α (2.39)
where
Nc0,α=0 = Bearing capacity factor for a smooth-sided rough-based foundation
C = Constant dened as a function of soil strength heterogeneity
d = Depth of embedment
B = Breadth of strip foundation
D = Diameter of circular foundation
The values of Nc0,α=0 can be interpolated from Table 2.9 & 2.10 for strip and circular footing.
This has helped in reducing the uncertainties associated with selection of appropriate vertical
bearing capacity factors. One important nding of this research was that the vertical bearing
capacity factor is inuenced the most by change in embedment depths, while change in interface
roughness (at the sides) and soil strength heterogeneity does not have much eect. For the cases
with both interfaces rough or smooth, the dierence between the two solutions is quite small
at low embedment ratios, however, it diverges with increasing embedment.
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Strip Circular d/B or
d/D
α = 0 0 < α < 1 α = 1 Uniform su kB/sum or
kD/sum > 0
Methoda Reference
— Y ≤ 2.5 Y — — Y — SE Skempton (1951)
— Y ≤ 2.5 Y — — Y — SE Hansen (1970)
Y — 0 — — — Y ≤ ∞ MoC Davis &
Booker (1973)
— Y 0 — — — Y ≤ 10 MoC Houlsby &
Wroth (1983)
Y Y ≤ 0.3 Y — Y Y ≤ 30 MoC Tani &
Craig (1995)b
Y — 0.167 — — Y Y 2, 4, 6,∞ UB & FEA Bransby &
Randolph (1999)
— Y ≤ 0.5 Y — Y Y ≤ 30 FEA Hu et al. (1999)
— Y ≤ 2 Y — Y Y 1, 5, 10, 20,∞ MoC & UB Martin (2001);
Martin &
Randolph (2001)
— Y ≤ 2.5 Y — — Y ≤ 5 MoC Houlsby &
Martin (2001)
Y Y ≤ 5 — — Y Y — FELA Salgado
et al. (2004)c
Y Y ≤ 4 Y — Y Y — FEA Edwards
et al. (2005)b
Y — ≤ 1.2 — Y Y Y ∞ UB & FEA Yun &
Bransby (2007)d
Y — ≤ 1 — Y Y Y — FEA Gourvenec (2008)
Y Y ≤ 1 Y Y Y Y ≤ 20 FEA Mana
et al. (2011)e
Y — ≤ 1 — — Y Y 2, 6 FEA Gourvenec &
Barnett (2011)
Table 2.8: Summary of published studies reporting undrained vertical bearing capacity factors of shallow foundations (Gourvenec & Mana, 2011)
a SE, semi-empirical; MoC, method of characteristics; UB, upper bound; FEA, nite-element analysis; FELA, nite-element limit analysis; b Only base resistance reported;
c Foundation modelled as slot at depth; d Some analytical results presented for α = 5; e Deformable soil plug modelled
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kB/sum d/B Nc0 smooth base, Nc0 rough base, αbase = 1,
smooth sides varying side adhesion factor αside
αbase = 0, αside = 0 αside = 0 αside = 0.5 αside = 1
0 0.0 5.144 5.157 5.157 5.157
0.1 5.507 5.511 5.615 5.705
0.2 5.758 5.762 5.977 6.124
0.3 5.952 5.955 6.296 6.513
0.5 6.222 6.224 6.850 7.231
1.0 6.614 6.616 7.978 8.847
5 0.0 8.357 9.818 9.818 9.818
0.1 8.436 9.499 9.693 9.837
0.2 8.204 9.097 9.437 9.631
0.3 8.045 8.805 9.253 9.507
0.5 7.899 8.439 9.042 9.414
1.0 7.822 8.025 9.017 9.656
20 0.0 14.702 17.457 17.457 17.457
0.1 10.225 11.752 11.994 12.190
0.2 9.063 10.235 10.568 10.766
0.3 8.544 9.505 9.924 10.164
0.5 8.112 8.796 9.340 9.684
1.0 7.862 8.135 9.051 9.633
100 0.0 40.594 46.456 46.456 46.456
0.1 11.331 13.107 13.378 13.598
0.2 9.441 10.727 11.040 11.239
0.3 8.731 9.767 10.161 10.388
0.5 8.179 8.908 9.420 9.759
1.0 7.869 8.166 9.058 9.619
200 0.0 69.563 77.805 77.805 77.805
0.1 11.515 13.332 13.607 13.831
0.2 9.495 10.799 11.107 11.306
0.3 8.756 9.800 10.192 10.418
0.5 8.188 8.922 9.441 9.768
1.0 7.870 8.170 9.058 9.617
Table 2.9: Bearing capacity factors Nc0 = qu/su0 for strip foundations (Gourvenec & Mana, 2011)
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kB/sum d/B Nc0 smooth base, Nc0 rough base, αbase = 1,
smooth sides varying side adhesion factor αside
αbase = 0, αside = 0 αside = 0 αside = 0.5 αside = 1
0 0.0 5.549 5.945 5.945 5.945
0.1 6.408 6.846 6.883 7.141
0.2 6.839 7.245 7.580 8.096
0.3 7.190 7.544 8.151 8.942
0.5 7.762 8.058 9.105 10.416
1.0 8.806 9.055 11.183 13.504
5 0.0 7.766 9.151 9.151 9.151
0.1 8.190 9.555 9.571 9.872
0.2 8.233 9.401 9.682 10.207
0.3 8.292 9.324 9.783 10.492
0.5 8.462 9.310 10.044 11.029
1.0 8.935 9.529 10.818 12.380
20 0.0 12.350 15.196 15.196 15.196
0.1 9.417 11.273 11.213 11.533
0.2 8.772 10.211 10.396 10.865
0.3 8.557 9.772 10.125 10.748
0.5 8.510 9.473 10.087 10.969
1.0 8.854 9.511 10.683 12.105
100 0.0 30.262 35.102 35.102 35.102
0.1 10.251 11.787 11.951 12.140
0.2 9.066 10.170 10.541 10.889
0.3 8.702 9.589 10.127 10.889
0.5 8.553 9.220 10.017 10.722
1.0 8.803 9.500 10.634 12.012
200 0.0 50.231 57.040 57.040 57.040
0.1 10.375 11.947 12.101 12.284
0.2 9.098 10.217 10.579 10.920
0.3 8.713 9.609 10.135 10.639
0.5 8.554 9.225 10.016 10.762
1.0 8.801 9.498 10.627 12.001
Table 2.10: Bearing capacity factors Nc0 = qu/su0 for circular foundations (Gourvenec & Mana, 2011)
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2.6 Summary
This chapter provides an overview of research works undertaken to study the response of
shallow foundations subjected to combined/general loading. Key ndings from this research
review are:
• Zaharescu (1961) and Ticof (1977) suggested expressing inclined-eccentric loads as
combinations of coupled vertical, horizontal and moment loads explicitly. This has
become popular and it has been used repeatedly by many researchers in recent years.
• To study the size and shape of these failure envelopes, they are usually non-dimension-
alized by foundation contact area and undrained shear strength, and normalized by
using uniaxial limit loads respectively.
• Under inclined or eccentric loading alone, conventional design approaches give fairly
good estimates of bearing capacities of foundations. However when vertical, horizontal
and moment loads are applied together, i.e. when inclination and eccentric loads act
simultaneously, failure envelopes cannot be accurately predicted even in the simple
case of a strip footing. One important reason is that conventional methods ignore the
coupling of horizontal and moment degrees of freedom. For the case of fully bonded
contact between foundation and soil, a foundation with positively applied lateral load
sustains more moment than that without any lateral load.
• With change in embedment ratio and soil strength homogeneity, scaling of envelopes
does not hold good for every loading scenario. Traditional methods suggest isotropic
expansion or contraction of failure envelopes, which provide conservative results.
• Assumption of equivalent surface foundations to model an embedded foundation does
not remain valid as depth of embedment increases. Embedments must be explicitly
modelled in such cases. As depth of embedment increases, failure mechanisms become
more localized and conned.
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• Most of the research work on response of foundations to combined loadings assumes
fully bonded contact at the soil-foundation interface owing to its suitability for oshore
conditions. The conditions of foundation-soil interface with no tension have to be
investigated more.
• For cases of no tension interface, traditional design methods overestimate failure loads
when horizontal force is very large. Otherwise, for most practical combinations of loads,
the results are on the conservative side.
• The response of circular foundations subjected to combined loadings has been well
researched under dierent conditions of embedment and soil strength heterogeneity.
However, octagonal foundations subjected to general loading have been rarely studied
specically and are assumed to behave like circular foundations.
• The presence of a sti surcial crust over a normally consolidated clay inuences the
bearing capacity response of a foundation. More research work needs to be done to
understand the eects of surcial crust thickness, embedment depth relative to crust
thickness, average crust strength and rate of increase of strength in the layer underlying
the crust.
A summary of research works done to study response of foundations subjected to combined
loading under dierent conditions of embedment depths, shapes and soil strength heterogeneity
is presented in Table 2.11 below. It must be noted that this table is no way exhaustive.
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Reference Foundation shape Embedment ratio Heterogeneity
ratio
Tangential contact Normal contact
(d/B or d/D) (K ′ = kD/Su0)
Tani & Craig (1995) Strip, Circular 0 0 − 30 Smooth, Rough Full adhesion
Bransby & Randolph
(1998)
Strip 0 0, 1, 2, 3, 6, 10 Rough Full adhesion
Taiebat & Carter (2000) Circular 0 0 Rough Full adhesion
Taiebat & Carter
(2002a)
Strip, Circular 0 0 Smooth No-tension
Doherty & Deeks
(2003)
Circular 0.5, 1, 2, 4 0 − 1* Rough Full adhesion
Gourvenec &
Randolph (2003)
Strip, Circular 0 0, 1, 2, 3, 6, 10 Rough Full adhesion
Salgado et al. (2004) Strip, Circular, Square,
Rectangular
0, 0.01, 0.05, 0.1,
0.2, 0.4, 0.6, 0.8,
1, 2, 3, 4, 5
0 Rough Full adhesion
Gourvenec (2004) Circular 0 0, 2, 6 Rough Full adhesion
Edwards et al. (2005) Strip, Circular 0, 0.25, 0.5, 0.75,
1, 1.5, 2, 2.5,
3, 3.5, 4
0 Bottom: Rough; Sides:
Smooth or Rough
Full adhesion
Yun & Bransby (2007) Strip 0, 0.2, 0.5, 1 0 Rough Full adhesion
Gourvenec (2008) Strip 0, 0.25, 0.5, 1 0 Rough Full adhesion
Taiebat & Carter (2010) Circular 0 0 Rough No-tension, full
adhesion
Gourvenec & Mana
(2011)
Strip, Circular 0, 0.1, 0.2, 0.3,
0.5, 1
0, 5, 20,
100, 200
Bottom, α=0, 1; Sides, α=0,
0.5, 1
Full adhesion
Shen et. al (2016) Strip, Circular 0 0, 2, 6, 10 Rough No-tension
Table 2.11: Summary of published studies for foundations subjected to uniaxial and/or combined loading
* represents non-homogeneous factor dened by eqn. 2.4
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3.1 Introduction
In this thesis, the bearing capacities and failure mechanisms of circular and octagonal foun-
dations are investigated for a range of embedment ratios and soil strength heterogeneity
factors subjected to combined loading under undrained conditions. This chapter describes the
methods used to develop 3-dimensional nite element models for the soil-foundation domain
of a wind turbine. Small-strain nite element analysis using the commercial software ABAQUS
6.13-4 (Dassault Systèmes, 2013) was used to determine the ultimate uniaxial bearing capacity
factors, failure mechanisms and failure envelopes plots shown in Chapter 4.
This chapter describes the soil conditions for a typical southern Ontario case, soil constitutive
models, type of 3-dimensional nite elements, boundary conditions, mesh principles, displace-
ment based loading methods and failure criteria for the surface and embedded foundations used
in the present research work. A benchmark in the form of a 2-dimensional plane strain strip
footing model is also described and is used to study the response of the foundation subjected
to ultimate uniaxial and combined loads. The value of bearing capacity factors obtained is
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compared with the theoretical values given in the literature. This helped in validating the soil
constitutive parameters and boundary conditions assumed. To further calibrate the model for
octagonal foundations, models for 3-dimensional surface circular footings with six degrees
of freedom are established. The steps followed for the 2-dimensional model are repeated.
Uniaxial limit capacities and 2-dimensional failure envelopes in VH, VM and HM planes are
compared with the published data.
Finally, a 3-dimensional model for an octagonal foundation similar to that of a typical commer-
cial wind turbine is developed. As compared to a circular foundation, an octagonal foundation
is easy to cast-in-situ and requires less skilled labour. A special case of soil strength hetero-
geneity, wherein upper soil layers consist of a sti crust layer is also considered to simulate
the common clay till soil conditions. More details are provided in a further section on this
analysis.
3.2 Site Characteristics
This research has been based on a typical octagonal gravity-based foundation supporting a
2.3MW horizontal axis wind turbine such as those located in southern Ontario. This type of
turbine has a rotor diameter of 93m and a hub height of 80m. The foundation can be inscribed
with a circle of 19m diameter and has 3m depth below grade at its centre. It tapers towards
the edges and is 0.4m thick at the toe (Fig. 3.1).
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Figure 3.1: Geometry of a typical octagonal foundation
3.2.1 IEC Classication and Design Wind Speeds & Loads
The 2.3MW wind turbine and the site (Port Alma) fall under IEC class IIb. The Port Alma
Wind Farm is a 101.2MW project owned by Kruger Energy Inc. located on the north shore of
Lake Erie in the Municipality of Chatham-Kent, Ontario, Canada. Table 1 of IEC 61400 − 1
provides design wind speeds and turbulence parameters for each wind turbine class. For class
IIb, medium turbulence characteristics exist with an expected value of turbulence intensity
at 15m/s equal to 14% and reference wind speed average over 10min equal to 42.5m/s. The
design foundation loads are therefore based on annual average wind speeds of 8.5m/s and
3 sec gust wind speed, with a return period of 50 years of 59.5m/s; both are calculated at hub
height. The design loads for the foundation are shown in Table 3.1.
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Condition Normal
Force
Horizontal
Force
Overturning
moment
Torsional
moment∗
V (kN) H (kN) M (kNm) T (kNm)
Normal operations 2900 900 60000 7300
Highest overturning
moment
2900 1100 76200 4400
Table 3.1: Magnitude of design loads for the wind turbine
* Torsional loads are shown here for completeness. However, these loads are not modelled in the present research.
3.2.2 Site Soil Conditions
A geotechnical investigation was carried out in the vicinity of the wind turbine foundation
under study, to explore the subsoil and groundwater conditions (Tyldesley et al., 2013). The
borehole encountered a 200mm thick layer of organic clayey topsoil. Below the surface
topsoil layer, a major deposit of rm to hard silty clay with embedded sand and gravel was
encountered. This deposit can be subdivided into three zones: 1. Weathered zone, 2. Brown
zone (“the crust”) and 3. Grey zone. The uppermost zone of the silty clay is weathered and has
a mottled brown-grey appearance, with a sti to very sti consistency. The weathered zone
has higher moisture content due to inltration of surface water into ssures of the clay. The
weathered zone extends to a maximum depth of around 2m below ground surface. Underlying
the weathered layer lies the crust zone around 2m thick characterized by a prevalent brown
colour with a very sti consistency and relatively lower natural moisture content. A soil colour
change of brown to grey occurs between 3 and 4m. Below the crust and extending to the
maximum depth of the borehole (35.5m), uniform grey silty clay was encountered. This zone
is characterized by a uniform grey appearance, a sti to very sti consistency and relatively
higher moisture content. Atterberg limit test results indicated that the soil in this layer can be
classied as CL-ML to CL (silty clay or low plasticity clay). No groundwater was encountered
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in the borehole. The variation of OCR, moisture content and undrained shear strength with
depth is shown in Fig. 3.2. The values of overconsolidation ratio were derived from oedometer
testing (Tyldesley et al., 2013). A piezocone penetration test (CPTU) was also conducted near
the wind turbine foundation, which provided estimates of the undrained shear strength of the
soil (Kiss et al., 2014).
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Figure 3.2: Borehole log for the wind turbine foundation location
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3.3 Elasto-Plastic Constitutive Model
3.3.1 General
One of the essential ingredients for a successful nite element analysis of a geotechnical
problem is an appropriate soil constitutive model (Potts & Zdravković, 1999). Constitutive
models can be broadly classied into two categories based on the material behaviour: isotropic
and anisotropic. An isotropic model has point symmetry, i.e. every plane in the body is a
plane of symmetry for material behaviour. In an anisotropic model, the material behaviour is
dierent in at least two directions. The common constitutive models available for clays are
listed below:
1. Isotropic constitutive models:
(a) Elastic
i. Linear elastic (i.e. Hooke‘s law)
ii. Non-linear elastic
(b) Elasto-plastic
i. Mohr-Coulomb
ii. Drucker-Prager
iii. Cam-clay forms
2. Anisotropic constitutive models
For a linear elastic model, only 2 material constants, viz. Young‘s modulus E and Poisson‘s ratio
ν are required. Whereas for an anisotropic material with properties varying in at least two
directions, 5 material constants are needed (Potts & Zdravković, 1999). For a fully anisotropic
material which can potentially describe real soil behaviour, 21 independent elastic stiness
parameters are required to be dened in ABAQUS (section 22.2.1 of ABAQUS User’s Guide Vol.
III, 2013). Thus, use of an anisotropic model requires rigorous & detailed input data obtained
Chapter 3. Numerical Model Development and Verification 68
by performing laboratory and eld tests. If laboratory and eld tests results are not reliable
or available, then increases in accuracy due to the use of anisotropic models can easily be
lost. However, conducting these tests with the required degree of accuracy and precision also
increases the cost of the project for a geotechnical engineer. Due to these reasons anisotropic
models are rarely used.
It is important that the constitutive model chosen at least reproduces the soil behaviour that
is predominant in the problem under investigation. The present work generally focuses on
investigating the ultimate limit capacities of foundations under undrained conditions for
saturated clayey soil and therefore, it is considered that linear elasticity with a perfectly plastic
model governed by the Mohr-Coulomb failure criterion can suciently represent the requisite
facets of soil behaviour. Many researchers have explored constitutive models and found the use
of isotropic models, such as linear elastic with Mohr-Coulomb or Drucker-Prager suciently
accurate [Chen et al. (1983); Hibbitt et al. (2001)]. The assumption of linear elasticity with a
Mohr- Coulomb model is further corroborated by the results obtained from 2-dimensional
plane strain footing analysis. A brief description of linear elasticity and Mohr-Coulomb models
is given below.
3.3.2 Linear Elastic Constitutive Model
Although linear elastic soil models do not simulate real soil behaviour, they serve as a useful
introduction to more complex constitutive models and are most commonly used in the engi-
neering world to describe simple stress-strain relationships. Hooke‘s law relates the stresses
and strains through two constants, Young‘s modulus E and Poisson‘s ratio ν . In an undrained
analysis, undrained values of these parameters Eu and νu are used. In 3-dimensional space, the
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relationship between E and ν can be expressed as:
σx =
(
E
(1 + ν ) (1 − 2ν )
) [
εx (1 − ν ) + ν (εy + εz )
]
(3.1)
σy =
(
E
(1 + ν ) (1 − 2ν )
) [
εy (1 − ν ) + ν (εx + εz )
]
(3.2)
σz =
(
E
(1 + ν ) (1 − 2ν )
) [
εz (1 − ν ) + ν (εx + εy )
]
(3.3)
where
σx , σy , σz = normal stress in the x , y and z directions respectively, and
εx , εy , εz = normal strain in the x , y and z directions respectively.
3.3.3 Mohr-Coulomb Constitutive Model
At very small magnitudes of load, soil behaves elastically, i.e. if unloading is done at this
stage, soil will completely recover and strain will be equal to zero in the absence of any load.
When loading stresses exceed the yield stress, soil starts behaving plastically. Soil, when
unloaded at this stage, contains both recoverable and non-recoverable strain components. The
Mohr-Coulomb failure criterion helps in describing the ultimate states of the soil. The real
behaviour of soil is shown in Fig 3.3 below.
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Figure 3.3: Behaviour of real soil
The real behaviour of soil can be idealised as a linear elastic-perfectly plastic material (Fig 3.4).
Figure 3.4: Behaviour of linear elastic-perfectly plastic
The Mohr-Coulomb failure surface in τ -σ space (Fig 3.5) is dened by:
τ = c + σ . tanϕ (3.4)
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Where
τ = Shear stress, σ = Normal stress, and c = cohesion.
Figure 3.5: Mohr-Coulomb failure surface in τ -σ space
The failure surface is only dependent on the major and minor principle stress (σ1, σ3), and is
independent of the intermediate principle stress (σ2). The Mohr-Coulomb criterion resolves
into an irregular hexagonal pyramid once mapped into 3-dimensional stress space as shown
below.
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Figure 3.6: Mohr-Coulomb failure surface in the principal stress and deviatoric stress plane
(Borja et al., 2003)
The gure on the left and the right shows the failure surfaces in the principal stress plane and
the deviatoric stress plane respectively. If the stress point lies within the failure envelope, the
soil will behave elastically. When the stress state reaches the failure surface (which is also
used as a yield surface), the material will undergo elastic and plastic deformations. It is not
possible to increase the stress beyond the current failure surface. Further application of stress
beyond the yield limit leads to indenite plastic straining in the material.
To summarize, the Mohr-Coulomb model requires 5 parameters. Three of these parameters,
c , ψ and ϕ, control the plastic behaviour and the remaining two, E and ν control the elastic
behaviour. If associated ow conditions are assumed, thenψ = ϕ and only 4 parameters are
needed.
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3.4 Development of the Numerical Model
3.4.1 Introduction
The research in this thesis uses the nite element commercial software package ABAQUS
v6.13-4. ABAQUS is a multi-purpose computer package that allows a user to investigate
mechanical, structural and geotechnical problems under static and dynamic loadings. It is
an ideal package due to its capability in modelling complex interactions between several
bodies, and the available constitutive models for both geotechnical and structural materials.
The package also allows for initial residual stress elds to be dened. The present work
concentrates on obtaining the uniaxial bearing capacity (i.e. vertical, horizontal & moment)
factors and create load combinations for interaction diagrams/failure envelopes. To achieve
this, small-strain nite element analysis is sucient and hence is performed for all analysis
throughout the research work. As a preliminary exercise, a simple two-dimensional model
was developed and the results are used to benchmark the material properties assumed.
3.4.2 Validation Exercise (Two-dimensional Model)
Given the substantial amount of computational eort and time involved in developing a
complete 3-dimensional model, a simple 2-dimensional rigid, innitely long strip footing was
modelled rst. A strip footing can be modelled as a plane strain body in two dimensions. A
solid body is said to be in a state of plane strain if it satises all of the assumptions of plane
stress theory except that the body’s thickness (length in z direction) is large in comparison
to the dimensions in the XY plane. For a strip footing, values of uniaxial ultimate bearing
capacity factors have also been well established and therefore, it is easy to make a comparison
and verify the suitability of soil constitutive parameters & meshing techniques and boundary
conditions assumed. Due to the wealth of literature on this problem, this presented a good
choice for validating the various modelling assumptions. Additionally, the insights gained
from this analysis can be extended to more general and realistic 3-dimensional models of the
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problem.
3.4.2.1 General Model Characteristics
The soil-foundation system for the 2-dimensional model was developed using the following
inputs:
• Geometry: Vertical boundaries were kept at a distance of 3.5D from the foundation edge,
while the soil base was placed 4D below the footing (Fig 3.7) similar to that assumed
by Taiebat and Carter (2002a). The location of the mesh boundaries was chosen to
provide sucient distance from the foundation edges to eliminate possible boundary
eects. Table 3.10 in subsection 3.4.4.3 provides a summary of the boundary distances
considered by previous researchers for 2- and 3-dimensional models. The location of
boundaries aect the stiness of the foundation during initial (elastic) loading, but the
failure loads remain unaected since most of the deformation happens immediately
below the foundation, near the interface.
• Boundary conditions: The base of the soil was kept xed by encastring all six degrees of
freedom (Fig 3.7). The vertical sides were given roller supports and horizontal displace-
ment (U1) was restricted. The surface of the soil was kept free.
• Mesh techniques and Elements: All of the elements of the foundation and soil were
modelled using the structured meshing technique. In ABAQUS, the structured technique
gives the programmer the most control over the mesh generated (section 17.3.4 of
ABAQUS User’s Guide). Mesh density was varied to achieve optimum balance between
computational eort involved and the accuracy of the solution achieved. The element
CPE4R was used to mesh the model. It is a plane strain four-node quadrilateral element.
Since in the two-dimensional model, the footing is assumed to be plane strain, this
element is most suitable for modelling the foundation and the soil. Additionally, reduced
integration and hourglass control reduce the running time of the model and distortion
of the elements respectively. At the interface of the foundation and soil, where the stress
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concentration is very high, small elements were used to capture the behaviour as closely
as possible (Fig 3.7). The smallest size of element was kept 0.15m, which is less than
1/100th of the diameter of the foundation (D = 19m). The aspect ratio of elements near
the interface was kept around 2.
• Contact denition: A contact denition in terms of tangential and normal contact was
given to simulate the contact between the foundation and soil. A friction coecient of
1 was chosen to create rough contact and separation between the two surfaces. This
means that in absence of any vertical load, no moment can be sustained. Details of the
contact parameters used in ABAQUS are given in table 3.2 below.
Tangential Contact Normal Contact
Friction formulation Penalty Pressure-overclosure ‘Hard’ contact
Friction coecient 1 Constraint enforcement method Penalty (standard)
Shear stress limit 17.760 kPa Allow separation after contact Yes
Table 3.2: Contact details for 2D model in ABAQUS
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Figure 3.7: Mesh and boundary details for 2D plane strain model
• Input data: The foundation was modelled as a very sti, linear elastic, non-porous
material. A summary of the chosen parameters is given in the Table 3.3 below.
Properties Value Unit
Unit Weight, γc 24 kNm−3
Young’s modulus, Ec 500 GPa
Poisson’s ratio, νc 0.15 -
Table 3.3: Properties of concrete used in the analysis
The soil was modelled as a homogeneous layer of saturated clay simulated by a Mohr-
Coulomb elastic-perfectly plastic constitutive model. The soil parameters used in the
analysis are summarized in Table 3.4 below.
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Properties Value Unit
Saturated unit weight, γs 19 kN/m3
Young’s modulus, Es 177.60 MPa
Poisson’s ratio, νs 0.48 -
Undrained shear strength, Su 17.760 kPa
Friction angle, ϕ 0.1 ≈ 0 Degree
Dilation angle,ψ 0.1 ≈ 0 Degree
Absolute plastic strain 0 -
Material model Mohr-Coulomb
Table 3.4: Properties of soil used in analysis
Note that a low value of Su and Es/Su = 10000 was chosen so that smaller displacements were
needed to reach failure in the analysis, thereby reducing the computational cost signicantly
(Zhang et al., 2012). Since the analyses conducted are presented in terms of non-dimensional
parameters, the choice of these values does not aect the results when only the ultimate states
are investigated.
3.4.2.2 Discussion on the Choice of Modelling Parameters
In many previous research works, the Young’s modulus of the foundation (concrete) was
usually kept very high compared to the Young’s modulus of the soil. For example, El-Marassi
(2011) assumed Young’s Modulus of the foundation 107 times larger than that of the soil. This
was done so that the foundation would behave eectively rigid compared to the soil and
relative deformations of the foundation elements with respect to each other were negligible
or almost zero. In the present analysis, however, Ec ≈ 2800.Es . To achieve rigidity in the
foundation, all of the nite elements of the foundation were given a rigid body constraint,
which constrained the six degrees of freedom of all of the nodes to a single reference point.
Thus, the motion of the foundation was governed by the motion of a single point.
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Choice of Poisson’s ratio: For a linear elastic model, the stress-strain relationship can be
expressed in matrix form as:
{σ } = E
(1 + ν ) (1 − 2ν )

1 − ν ν ν 0 0 0
ν 1 − ν ν 0 0 0
ν ν 1 − ν 0 0 0
0 0 0 1−2ν2 0 0
0 0 0 0 1−2ν2 0
0 0 0 0 0 1−2ν2

{ε } (3.5)
It can be clearly seen from Eqn 3.5 that if a value of 0.5 is used in the above equation, the matrix
becomes singular and thus convergence problems can occur during numerical analysis. Thus,
to represent incompressible behaviour of undrained clay, a high value such as 0.48 (which is
very close to 0.5) is chosen. Further explanations of the reasons why 0.49 or 0.495 are not
chosen and only 0.48 is used are given in the Section 3.4.4.3 for 3-dimensional modelling. For
similar reasons, Shen et al. (2016) & Gourvenec and Randolph (2003) used ν = 0.49.
An associated ow rule has been assumed. For undrained conditions, this implies that ϕ = ψ =
0. If a value of zero is used numerically, then it can cause convergence problems. Therefore, a
very small value of 0.1 is used in the numerical analysis.
3.4.2.3 Response of Strip Foundation to Combined Loading
The strip foundation was subjected to uniaxial ultimate vertical, horizontal and moment loads
separately to obtain its response in terms of bearing capacity factors. Vertical and horizontal
loading was applied in the form of displacements, while moment loading was applied as an
angular rotation. Values of uniaxial bearing capacity factors are presented in Table 3.5 and
compared with solutions given in the literature wherever possible.
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Bearing capacity factors Nv (v0) Nh (h0) Nm (m0)
Current FEM Study 5.14 1.01 0.67
Davis and Booker (1973) 5.14 - -
Houlsby and Wroth (1983) 5.14 - -
Gourvenec and Randolph (2003) 5.20 1.00 0.72
Upper bound [Gourvenec and Randolph (2003)] - - 0.69
Table 3.5: Comparison with published data for uniaxial bearing capacity factors
Where
Nc (v) = Vertical bearing capacity factor,
Nh (h) = Horizontal bearing capacity factor,
Nm (m) = Moment bearing capacity factor.
The exact value of Nc , 5.14 was obtained that matches with the theoretical solution (Prandtl,
1921). The value of Nm obtained in the current study is closer to the upper bound solution than
that obtained by Gourvenec and Randolph (2003) using nite element analysis. The failure
mechanism, which is very similar to that proposed by Prandtl (1920), is obtained under pure
vertical load and is shown overlying the displacement vectors at failure (Fig. 3.8).
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Figure 3.8: Displacement vectors showing soil movement post failure of a 2D plane strain
footing
Swipe tests were also performed in the VH and VM planes. Swipe tests were rst used by
Tan (1990) to identify the shape of combined loading failure envelopes. A swipe tests consists
of two steps. Consider the case of VH failure envelope in which vertical direction is the
coordinate direction 1 (U 1) and horizontal is the coordinate direction 2 (U 2). A displacement
is rst applied in the vertical direction from zero until the ultimate vertical load is reached. A
displacement is subsequently imposed in the horizontal direction during which the increment
of displacement in the vertical direction is maintained at zero, until the ultimate load in the
horizontal direction is reached. An example of a swipe test is illustrated in Fig 3.9.
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Figure 3.9: An example of swipe test (Gourvenec & Randolph, 2003)
The benet of a swipe test is that a complete failure locus on a certain plane can be determined
in a single simulation. Previous studies [e.g. Bransby and Randolph (1998), Gourvenec and
Randolph (2003)] have conrmed that the load path tracks very close to the failure envelopes in
the VH and VM planes. Non-dimensionalized and normalized failure envelopes are plotted and
compared with the results given by Green (1954), Bransby and Randolph (1998), Gourvenec
and Randolph (2003) in Fig. 3.10-3.13.
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Figure 3.10: Comparison of swipe yield envelopes in VH plane
Figure 3.11: Comparison of normalized failure envelopes in VH plane
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Figure 3.12: Comparison of swipe yield envelopes in VM plane
Figure 3.13: Comparison of normalized failure envelopes in VM plane
The failure envelopes in the VH and VM planes reasonably match the shape and size of those
found by other researchers. Thus, from these results, it can be said that the response of the
strip foundation model subjected to combined loading is fairly accurate. The analysis of the
strip foundation validates the soil constitutive parameters, boundary conditions and mesh
principles assumed. This process helped in the development of the 3-dimensional models
Chapter 3. Numerical Model Development and Verification 84
presented in the next section.
3.4.3 Development of Three-dimensional Foundation Models
Soil and foundations exist as 3-dimensional entities in nature. Research on wind turbine
foundations can be done by doing full-scale testing under eld conditions. However, due to
the size and economics involved, this method is rarely (if at all) used. Three-dimensional
numerical analysis can simulate eld conditions realistically at considerably lower costs.
By performing 3-dimensional nite element analysis, researchers can study the response
of foundations under various loading scenarios and soil properties. If only 2-dimensional
analysis is done as is the case with plane strain and plane stress problems, the third dimension
of the soil-foundation system gets neglected and complete and accurate information about
stresses, strains and failure mechanisms is not obtained. Thus, for designing cost-eective
foundations, 3-dimensional modelling is necessary, especially for the case of a wind farm
project, which involves asymmetric environmental loading. Therefore, in the present research,
three dimensional models of circular and octagonal foundations are created to explore the
response of foundations under various loading combinations.
It is important to verify a numerical model to ensure that its predictions are within an acceptable
limit when compared to real life situations. The wind turbine foundation under study is
octagonal in shape. Since no research so far explicitly addresses octagonal foundations
subjected to combined loading, a circular foundation is modelled initially and its response
to combined loading is studied and compared with well-known works, such as Shen et al.
(2016), Gourvenec and Randolph (2003), Houlsby and Wroth (1983), Bransby and Randolph
(1998) & Taiebat and Carter (2010). This step is important to verify the meshing principles and
boundary conditions. As a nal step, an octagonal foundation model is created to simulate a
wind turbine foundation in the eld and subjected to various loading conditions. The following
sections show the nite element model and algorithms used to achieve the aims of this work.
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3.4.3.1 Numerical Model Algorithms
A solution to numerical problems is usually obtained using two approaches: Implicit and
Explicit methods. Both these methods are briey described below.
• Implicit Algorithm: This method assumes a constant average acceleration over each
time step, between tn and tn+1 where tn is the time at the beginning of nth step and
tn+1 is the time at the end of nth step. In each increment, the Newton-Raphson method
is used to perform iterations and enforce equilibrium of the internal structural forces
with the externally applied load. The resulting accelerations and velocities at tn+1 are
calculated and then the unknown displacements at tn+1 are determined. The use of
the Newton-Raphson method allows the analysis to continue with larger stable time
increments as the analysis progresses.
• Explicit Algorithm: The explicit method calculates the state of a system at a later time
tn+1 from the state of the system at the current time tn. It assumes a linear change in
displacement over each time step. The governing equation is evaluated and the resulting
accelerations and velocities at tn are calculated. Finally, the unknown displacement at
tn+1 are determined.
The major dierence between implicit and explicit schemes lies in the equations that are used
to solve the displacement at time step tn+1. While the implicit method inverts the structural
stiness matrix, the explicit method does not. Consequently, the implicit method requires
extra computational eort and time than the explicit method. However, the implicit scheme is
unconditionally stable and generally follows any non-linearity by making the time increment
small enough to capture the non-linearity. Only under extreme non-linearity cases does the
implicit scheme halt. On the other hand, the explicit method is conditionally stable and uses
time increments smaller than the critical time step to solve the problem.
Given that this research explores the response of foundations subjected to combined loading,
it was considered desirable that the system should be in a state of equilibrium. Therefore, the
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problemwas solved implicitly. This introduced a series of complications where non-convergence
could occur. The complications were eliminated by introducing changes in loading steps and
mesh densities. For example, to overcome plastic strain non-convergence problems, initial
gravity stresses were applied to the model and geostatic equilibrium was achieved so that
the stresses in the soil before the loading begins are very close to the in-situ stresses and the
deformations are negligible. This particular aspect of modelling is covered further in Section
3.4.3.3.
3.4.3.2 Three-dimensional Finite Elements
To create a 3-dimensional model, a 3-dimensional element type needs to be chosen. ABAQUS
has an extensive element library to provide a powerful set of tools for solving many dierent
problems. In the present research, for all the modelling cases, the element C3D8R is chosen to
mesh the soil and foundation.
The element C3D8R belongs to the continuum family and has 8 nodes; one at each of the
corners and assumes a linear shape function between adjoining nodes (Fig 3.14). It can also
be considered as an extension of a rectangular element in two dimensions, to a rectangular
parallelepiped element in three dimensions. It is more commonly known as a brick element
and also sometimes called a hexahedral element.
Figure 3.14: Continuum element C3D8R
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Discussion on the Choice of Element
Hexahedral elements oer many advantages when compared to the other preferred option
of using tetrahedral elements belonging to the same family. A good mesh of hexahedral
elements provides results with reasonable accuracy at lower numerical costs and exhibits
better convergence than tetrahedral elements. When the soil is incompressible and no volume
change is allowed to occur, such as in the present case, fully-integrated, rst-order tetrahedral
elements undergo volumetric locking. Moreover, they are overly sti and need very ne meshes
for achieving accurate results.
The assumption of a linear element can cause convergence problems for materials subjected
to high bending stresses. The dierence between the true bent shape and deformed shape of a
linear element is shown below.
Figure 3.15: Bending nature of linear elements
To resolve this issue, smaller elements were used at the critical areas such as, the interface
of the foundation and soil and the foundation edges, so that linearity was occurring over a
smaller span, which allowed the overall mesh to deform more realistically. For example, the
thickness of soil elements near the interface was reduced to almost 1/100th of the diameter of
the foundation (D = 19m), i.e. 0.2m.
The reduced integration feature of the element, indicated by the sux ‘R’ in the element name,
reduces the running time and also prevents the problem of volumetric locking in incompressible
materials (e.g. undrained soil). Reduced integration uses a lower-order integration to form the
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element stiness. The mass matrix and the distributed loadings use full integration.
3.4.3.3 Contact Formulation and Interaction
In geotechnical problems such as soil-structure interaction of foundations, it is necessary to
simulate the interaction between two materials. Wind turbines are subjected to horizontal
and moment loadings due to the action of wind forces acting at the hub height, high above
the foundation level. As a result, the coecient of friction acting between the two surfaces
becomes an important parameter in providing resistance against the imposed sliding forces. As
the horizontal load acting on the foundation increases, the shear stress at the foundation-soil
interface reaches a critical value. Once the critical shear stress is exceeded, the foundation
will move relative to the soil.
The contact relationship used between the foundation and soil in this study has the following
features.
• Surface-based interaction was adopted for all of the models.
• The foundation was chosen as the master surface and the soil as the slave surface. The
nodes on the two contacting surfaces are grouped together to form master and slave
surfaces.
• The two surfaces were adjusted to have zero absolute clearance as an initial condition
before the application of load. This was done by either adjusting the overclose distance
or specifying an “adjustment zone” in ABAQUS.
• The “hard” contact relationship was used to dene the normal contact, which minimized
the penetration of the slave surface into the master surface at the constraint locations
and did not allow the transfer of tensile stress across the interface. An example of the
slave and master surfaces and the penetration restrictions are shown in Fig 3.16.
• Most other researchers, such as Bransby and Randolph (1998), Gourvenec and Randolph
(2003), Salgado et al. (2004) & Taiebat and Carter (2000) assumed a fully bonded contact
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between the soil and foundation. This implies that innite friction can mobilize between
the two surfaces and no separation occurs once the two surfaces are in complete contact.
This type of interaction is suitable for the case of oshore foundations, where full
bonding can be expected due to suction forces acting at the interface. However, this
does not hold true in the case of wind turbine foundations. Wind turbine foundations
can lose contact with soil and get uplifted, (although for a very short period of time)
due to the wind forces. Therefore, the option to “allow separation after contact” was
toggled on.
• The contact between the foundation and soil is mechanical in nature and was simulated
by using the basic Mohr-Coulomb friction model. The basic concept of the Coulomb
friction model is to relate the maximum allowable frictional (shear) stress across an
interface to the contact pressure between the contacting bodies. The frictional stress
developed is equal to α .Su where α is an adhesion factor or coecient of friction between
the foundation and soil. The adhesion factor was assumed to be equal to 1 for the bottom
contact surface (Sladen, 1992). When the foundation was embedded, the adhesion factor
for the side surfaces and for the top contact surface was assumed equal to 0.5 (Fig 3.18).
• Finite sliding surface-to-surface discretization was used for the contact formulation.
When the surface-to-surface contact formulation is used, the choice of master and slave
surfaces has less eect on the results.
• A maximum critical shear stress (τmax ) equal to the undrained shear strength Su of
the soil was dened so that regardless of the magnitude of the contact pressure stress,
sliding will occur if the magnitude of the equivalent shear stress reaches this value (Fig
3.17). This is important when horizontal forces are acting on the foundation. A similar
consideration has been made by previous researchers, such as Bransby and Randolph
(1998), Houlsby and Wroth (1983) and Gourvenec and Randolph (2003).
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Figure 3.16: Penetration restriction between slave and master surfaces (Hibbit et al., 2001)
Figure 3.17: Slip regions for the friction model with a limit on the critical shear stress (ABAQUS
User’s Guide Vol. 5, 2013)
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Figure 3.18: Adhesion factors for the contact surfaces
For further detailed information of contact formulations and interactions, the reader is recom-
mended to go through Section 36 to 38 of ABAQUS User’s Guide Vol. 5 (2013).
3.4.3.4 Initial Stress State-Geostatic Equilibrium
The stress state in a foundation-soil system before static loads are applied can have signicant
inuence on the response of foundations under the loads. The Mohr-Coulomb diagram shown
in Fig 3.19 can be used as an illustrative example of how the initial stresses can the aect the
response of the foundation. The initial stress state causes a shift along the normal stress axis.
Hence the Mohr circle shows an increase in radius, and larger loads are required to induce
shear failure within the clay soil (Johnson, 2005).
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Figure 3.19: Inuence of initial stresses in Mohr-Coulomb failure criterion (Johnston, 2005)
The initial stress state for the foundations modelled in this research study consist of normal
gravity eld due to the weight of the soil. The initial vertical stress in the foundation-soil
model is given by:
σ ′ = ρ.д.h − u (3.6)
Where
σ ′ = eective vertical stress
ρ = density of soil (1937 kgm−3)
д = acceleration due to gravity (9.81m s−2)
h = depth below the ground surface (i.e. in the z direction)
u= pore water pressure (the inuence of the water table was not investigated as part of this
research) = 0 kPa
An example of the initial stress eld is shown in Fig 3.20. The stresses are shown in N/m2.
At the surface, σ ′ ≈ 0 and at z = h, σ ′ = ρдh. The foundation is considered to be weightless.
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For the case of embedded foundations, the process of installation of the foundation is not
explicitly simulated and is simply “wished in place”. The installation of foundation may cause
deformations in the soil and change the initial stress elds in the soil. Given the stiness of
the soils assumed in this study, this aspect is not covered in the present work.
Figure 3.20: Initial stresses after a geostatic step
To achieve the initial stress state in the model, a geostatic step is applied in ABAQUS. This en-
sures that vertical eective stress increases proportionally with depth, while the deformations
in the model are negligible or very small. Fig 3.21 shows that the deformations obtained after
a geostatic step are very small and vary in the range of 10−6 to 10−7 m.
Figure 3.21: Initial deformations after a geostatic step
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It is important that at the start of the loading steps, the foundation and soil are in complete
contact with each other with zero clearance to obtain convergence and accurate distribution
of stress and strain. To achieve this, two conditions were imposed during the geostatic step.
• All six degrees of freedom of the top soil surface in contact with the foundation were
constrained during the geostatic step. This ensured that the deformation of each of the
nodes located on the soil contact surface was zero after the geostatic step.
• The contact pair between the foundation and soil which are ‘initially’ in contact was
removed during the geostatic step. If the surfaces are in contact when a contact pair
is removed, ABAQUS stores the corresponding contact forces for every node on each
surface. During the removal step, ABAQUS automatically ramps these forces linearly
down to zero magnitude. The contact constraints for the mechanical surface interactions
are also removed instantaneously. This step prevented the occurrence of zero pivot nodes
during the geostatic analysis which can cause non-convergence.
Imposing these two conditions ensured that the geostatic step converged in a single increment.
During the next step of loading, the contacts were reactivated and the constraints applied on
the contacting surface of soil released.
For the given vertical stress eld, there is an eective horizontal stress eld. The horizontal
stress at any depth can be estimated as being equal to the vertical stress at the same depth times
the eective earth pressure coecient (K). For surface or shallowly embedded foundations
on lightly overconsolidated soils, the coecient of earth pressure at rest (K0) for a normally
consolidated soil may be used and is given by:
K0 ≈ 1 − sinϕ′ (3.7)
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3.4.4 Construction of Three-dimensional Finite Element Model
in ABAQUS
The following section will discuss the nite element model in ABAQUS constructed specically
for the purpose of this research. Three-dimensional models were created for circular and
octagonal foundations. However, the basic philosophy of meshing techniques, failure criteria
and boundary conditions for the soil remain the same. Mainly, the various cases considered
fall into two categories: 1. Foundations embedded at various depths in homogeneous soil and
2. Foundations resting on the surface of the soil with varying soil strength heterogeneity. The
various cases of embedment ratios or soil strength heterogeneity factors assumed are given in
Table 3.6 below.
Foundation type Circular Octagonal
Embedment ratio, d/D 0, 0.157, 0.32, 0.5, 1 0, 0.157, 0.32, 0.5, 1
Strength non-homogeneity
ratio, k or K ′ .D/Su0 0, 0.5, 1.0, 1.5 0, 0.5, 1.0, 1.5
Table 3.6: Numerical modelling cases considered in this research
In the beginning, circular and octagonal foundations resting on the surface of the soil are
subjected to combined loading. DNV (2002) recommends the use of the radius of an inscribed
circle of an octagon to calculate the eective area of the foundation. However, an octagon has
slightly more area than the inscribed circle. Comparing the results of a circular foundation with
that of octagonal foundation analysis will help in nding the increase in bearing capacity due
to increased area and checking the degree of conservativeness in the assumption of eective
area given by DNV (2002).
Foundations were then simulated at various depths and the procedure to nd uniaxial ultimate
capacities and failure envelopes was repeated. In an embedded foundation, more soil (soil
above the embedded foundation) provides resistance to the loading and so, the bearing capacity
is also more than the surface foundation. Embedment was investigated at four dierent depths.
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In particular, the case of the wind turbine foundation in the eld case placed around 3m
below the ground surface level corresponding to d/D = 0.157, was considered. The increase in
bearing capacity factors and size of failure envelopes due to embedments is shown in Chapter
4. The changes in mesh density due to change in soil strength heterogeneity and embedment
are indicated in Section 3.4.4.3.
After analyzing homogeneous soils, the current research focused on heterogeneous soils. Soils
are heterogeneous materials with varying strengths. The soil strength is varied linearly along
the depth by varying the soil strength heterogeneity factor k . Three values of k viz. 0.5, 1.0 and
1.5 were chosen here for circular and octagonal foundations and the response of foundations
compared in each case.
A surcial ‘crust’ of high shear strength has been reported in the site investigation (Fig
3.2), which is common for Canadian and South Ontario clay soils & tills. This issue can be
addressed by considering a crust overlying a soil with linearly increasing undrained shear
strength with depth. In the nal stage of the research, to simulate the eld case (as close as
possible), a parametric study was conducted to investigate the bearing capacity response of a
circular foundation in terms of the eect of crust thickness, embedment depth relative to crust
thickness, crust strength, relative shear strengths of underlying soft clay & crust and rate of
Su increase with depth for the underlying layer below the crust. Table 3.7 provides the details
of the parametric study undertaken. All of the shear strengths and lengths are in kPa and m
respectively. The parameter choices for the study are also shown in pictorial form in Fig. 3.22.
Refer Section 2.5.1 of Chapter 2 for denitions of the parameters.
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Sut Su0 Subs Subs/Sut Sut/Subs
175 50 57.98 0.33 3.02
250 50 57.98 0.23 4.31
100 50 57.98 0.58 1.72
(a) Eect of averaging crust strength
tc D tc/D
7 19 0.37
5 19 0.26
2.5 19 0.13
(b) Eect of crust thickness
Su0 k
50 1.14
0 3.20
30 1.60
60 0.00
(c) Eect of Su increase with depth
d tc d/tc
3 7 0.43
6 7 0.86
(d) Eect of embedment depth relative to crust
thickness
Table 3.7: Parametric study table
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Figure 3.22: Parameters chosen for the study
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3.4.4.1 Failure Criteria for Estimating Foundation Response
One of the many challenges in nite element analysis of a soil-foundation system subjected
to combined loading is to dene the ultimate loads in the vertical, horizontal and moment
directions. In the present research, diverse cases have been modelled, e.g. circular and
octagonal, surface and embedded and homogeneous and heterogeneous soil strengths. Due to
this variation, following a single failure criteria to dene ultimate capacities for all the cases
is not possible. Therefore, failure criteria have been dened on a case-by-case basis. Given
below are the failure criteria used in the present work.
Vertical Bearing Capacity of Surface Foundations
The ultimate vertical load capacity of the foundationVult was obtained by applying a very small
horizontal displacement (U 1) along with application of vertical displacement (U 3). The ratio
U 3/U 1 was kept equal to 60 throughout the analysis. The small horizontal component helped
to dene the ultimate vertical point in a better way. Fig 3.23 shows the load-displacement
response of the foundation under vertical and horizontal loading and the method to predict
the ultimate vertical capacity.
Figure 3.23: Load-displacement response for vertical and horizontal loadings
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This method was adopted by Taiebat and Carter (2000) to dene the ultimate vertical point.
Further, a personal communication with Hossein (2015) conrmed the validity of this method.
The vertical load-displacement response was plotted on the primary axis, while the horizontal
load-displacement response was plotted on the secondary axis. The load-displacement curves
in the vertical and horizontal load directions are plotted for the same time/load steps and a
change of the scale of one without the other is not possible. So at each time step one can
know the vertical load corresponding to a horizontal load. Vertical load corresponding to the
maximum horizontal load is taken as the ultimate vertical point.
The accuracy of this method was tested on a surface circular foundation and Nc equal to 6.10
was found. This matches fairly well with the solution given by Cox et al. (1961), Nc = 6.05. To
evaluate any possible eect of the horizontal displacementU 1 = U 3/60 on the vertical bearing
capacity, another analysis with a lower value of horizontal displacement, U 1 = U 3/600, was
carried out. The same value for the ultimate vertical bearing capacity was obtained, indicating
the negligible inuence of these relatively small horizontal displacements on the vertical
capacity of the footings.
Vertical Bearing Capacity of Embedded Foundations
Bearing capacity of the foundation increases as the embedding depth increases. Additionally,
with more embedment, the failure mechanisms tend to become localized compared to that
of surface or shallowly embedded foundations. Due to this, in numerical analysis, a very
high value of vertical displacement may be required to achieve a plastic “plateau” in the load-
displacement curve. A plateau may not be reached within a practical number of increments
of the non-linear analysis or it may not be easily identiable because the load-displacement
curve is still rising. The criteria given in the previous subsection holds well only when a
single contacting surface (which is the foundation bottom and soil contact) exists between the
foundation and the soil. When side and top contacting surfaces also provide resistance against
horizontal forces (as is the case with embedded foundation), application of a small value of
horizontal displacement does not provide accurate prediction of the ultimate vertical capacity.
To overcome this problem, the ultimate vertical bearing capacity (v0) was dened, as shown
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in Fig 3.24. The ultimate bearing capacity can be estimated by extending the straight line
through the elastic region of the load-displacement curve, so that it intersects a straight line
extending back from the plastic region of the curve (Rowe & Davis, 1982). The corresponding
load at the intersection point is dened as the ultimate vertical capacity of the foundation (v0).
Figure 3.24: Load response under vertical loading for circular foundation d/D = 0.157
A value of v0 = 7.4 was obtained for an embedded circular foundation with d/D = 0.157.
Gourvenec and Mana (2011) provided undrained vertical bearing capacity factors of shallow
strip (Table 2.9) and circular foundations (Table 2.10) in tabular form. The value of v0 inter-
polated from this table for a circular foundation with d/D = 0.157 was 7.28. The predicted
value is only 2.75% above the value obtained from Gourvenec and Mana (2011). Therefore,
this method can be considered to provide relatively accurate estimates of ultimate vertical
capacity.
Horizontal Capacity of Foundations
The resistance to horizontal loads is mobilized by the shear stress developed at the soil-
foundation interface. Therefore, a criteria in terms of maximum shear stress was used to dene
the ultimate horizontal load. For the case of bottom contact surface, the maximum shear stress
that can be mobilized was kept equal to the undrained shear strength of the soil, while for
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the side and top contact surfaces, the maximum shear stress was kept equal to half of the
undrained shear strength of the soil.
Moment Capacity of Surface and Embedded Foundations
Surface and embedded foundations under rotational loads suer from the same problem of
reaching a plastic plateau and dening a true plastic collapse load as explained previously. In
the present work, a method called the “modied Southwell plot” is employed to precisely dene
plastic collapse loads even when the analysis has not approached the full plastic mechanism.
This technique was proposed by Doerich and Rotter (2011) who used it to accurately evaluate
plastic collapse loads of shell structures even when a fairly complete plastic strain eld was
not developed. This method was recommended for all numerical studies that seek to evaluate
plastic collapse loads.
The application of a modied Southwell (MS) plot is illustrated for a surface circular foundation
in Fig 3.25. In this plot, RM2/UR2 is plotted against Nm where RM2 is the reaction moment
obtained at the reference point about the Y axis,UR2 is the rotation applied about the Y axis
in radians and m is moment bearing capacity factor. While the factor RM2/UR2 is a measure
of the secant stiness at any given moment RM2, m represents the load axis. When a fully
plastic region is approached, the MS plot should approach a horizontal line, since the load
remains constant but the displacement continues to increase, so RM2/UR2 should steadily
decline towards zero at constant load. Here, the fully plastic state has not been quite reached.
Therefore, the plastic load is taken as the asymptotic load by extrapolating the plot on the
load axis. The value of intercept on the load axis gives the ultimate moment capacity.
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Figure 3.25: Example of load-displacement response under moment loading from this study
for surface circular foundation on homogeneous soil
3.4.4.2 Mesh Sensitivity Analysis
The foundation-soil model is subjected to uniaxial and combined loading several times for
dierent cases. During the course of this research, several models were created to understand
the basic concepts of numerical modeling in ABAQUS and prepare a working model close to
realistic conditions. This ranged from creating simple linear elastic 2-dimensional models to
more intricate 3-dimensional models with contact surfaces and linear elastic-perfectly plastic
behaviour. Considering shape, embedment and soil strength heterogeneity, a total of 168
dierent cases have been analyzed numerically.
In light of these facts, a mesh sensitivity analysis was vital to minimize the computational
eort involved, while achieving the results with reasonable accuracy. Varying mesh densities
and boundary distances of the outer edge of the model were used to do sensitivity analysis.
For each variation, the mesh was constructed from the beginning in ABAQUS.
Keeping the model geometry, soil constitutive parameters and boundary conditions same
throughout, a typical analysis was used to derive three models with coarse, medium and ne
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meshes. All of these meshes were created using the structured technique. In the coarse (1) and
medium mesh (2), a single layer of elements with size 0.2m was provided immediately below
the foundation to provide horizontal resistance against sliding, while for the ne mesh (3),
three layers of elements with size 0.2m were provided. However, in Mesh 2, the total number
of elements were around 35% more than that in Mesh 1 (Table 3.8). The contact in all of the
cases is rough with a coecient of friction or adhesion factor,(α ) = 1. Since the maximum
shear stress that can be mobilized at the interface τmax = α .Su , the maximum shear stress
cannot exceed the undrained shear strength of the soil. The total number of elements, nodes
and mesh verication results in terms of quadrilateral face angle and aspect ratio of elements
for each of the threes meshes are given in Table 3.8 below. The neness of meshes increases
from Mesh 1 to Mesh 3.
Coarser Medium Fine
Mesh 1 Mesh 2 Mesh 3
No of elements 46326 62204 85400
No of nodes 49544 65800 90219
Min angle on quad faces < 10 0 0 0
Avg min angle 85.09 84.91 85.44
Worst min angle 54.53 54.92 51.74
Max angle on quad faces > 160 0 0 0
Avg max angle 95.59 95.87 95.38
Worst max angle 144.1 137.35 137.28
Aspect ratio > 10 1485 (3.20%) 3438(5.53%) 6477(7.58%)
Avg aspect ratio 3.75 3.87 4.63
Worst aspect ratio 49.31 49.31 49.31
Table 3.8: Details of meshes used in mesh sensitivity analysis
Mesh 1 is shown in Fig. 3.26 below. Mesh 2 and 3 are given in Appendix A.
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Figure 3.26: Mesh 1 (coarse)
The models were subjected to uniaxial and combined loading by applying displacements and/or
angular velocities at the reference point. Uniaxial bearing capacity factors are reported in
Table 3.9. To examine the performance of the model and benchmark the results, calculated
values of Nc were compared with the exact solution (Nc = 6.05) given by Cox et al. (1961) for
rough circular foundations. The exact value of Nh remains 1, since shear stress developed at
the interface cannot exceed the undrained shear strength. Values of Nm are compared with
upper bound solution and that reported by Gourvenec and Randolph (2003).
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Table 3.9: Comparison of bearing capacity factors with published data
Nc Nh Nm
Mesh 1 6.08 1.03 0.72
Mesh 2 6.06 1.02 0.72
Mesh 3 6.04 1.02 0.71
Benchmark 6.05 1 0.67
% dierence Mesh 1 0.50 3.00 7.46
% dierence Mesh 2 0.17 2.00 7.46
% dierence Mesh 3 −0.17 2.00 7.46
Swipe tests were also performed on the models to plot non-dimensionalized and normalized
failure envelopes in 2-dimensional VH and VM planes. The plotted envelopes are compared
with those of Gourvenec and Randolph (2003). To non-dimensionalize the envelopes, vertical
and horizontal forces were divided by the factor A.Su . While for normalizing the envelopes,
they were divided by the respective ultimate capacities. Non-dimensional and normalized load
for vertical, horizontal and moment loads are represented by v, v’, h, h’, m and m’ respectively.
Figure 3.27: Comparison of VH failure envelope
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Figure 3.28: Comparison of normalized VH failure envelope
Figure 3.29: Comparison of VM failure envelope
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Figure 3.30: Comparison of normalized VM failure envelope
Observations and Discussion
All the three meshes obtained converged solutions. Values of ultimate bearing capacity factors
are very close to the exact values or the upper bound solutions. Nc values deviate less than
±0.5% while for Nh , the maximum deviation is 3%. Values of Nh obtained for Mesh 2 and 3 have
the same percentage error of 2%. This implies that using a single layer or three layers of 0.2m
thickness does not signicantly aect the horizontal resistance developed. The calculated
values of Nm have the highest percentage error among the three factors. Mesh 1 and 2 reported
the same values of Nm = 0.72 and thus, have the same error of 7.46%. The Nm value calculated
with Mesh 3 is closest to the upper bound solution and deviates only by 5.97%. All of the
failure envelopes in the VH and VM planes are very close to each other. As compared to the
envelopes reported by Gourvenec and Randolph (2003), both, VH and VM envelopes, are found
to be conservative. This dierence can be explained by the contact conditions assumed in each
analysis. Gourvenec and Randolph (2003) considered a fully bonded contact which implied
that innite friction was assumed and no separation was allowed once the two surfaces are in
contact. Such an assumption is appropriate for an oshore foundation where a full contact is
maintained due to suction. In contrast, the friction coecient in the present work is only 1 and
the two surfaces are allowed to separate. Such a contact condition is appropriate for wind turbine
Chapter 3. Numerical Model Development and Verification 109
foundations which are subjected to uplifting forces due to the wind.
With these considerations, it is deemed appropriate to choose Mesh 2. In all of the further analysis,
for surface foundations, the contact denitions, boundary conditions and mesh densities are
kept the same as that of Mesh 2. When the cases of foundation embedments or soil strength
heterogeneities are considered, the changes in the mesh patterns and neness are made suitably.
For the case of an embedded foundation, thin layers of mesh are used above and below the
foundation. For the surface foundation placed on heterogeneous soil, the density of mesh near
the interface is increased as the heterogeneity increases. This means that the number of thin
layers of soil (of 0.2m thick) are increased. The number of elements were varied from 62000
for surface foundation to 72500 for foundation with maximum embedment ratio (d/D = 1).
For the surface foundation with homogeneous soil, the number of elements were 62000, while
for the surface foundation with the highest soil heterogeneity factor (k = 1.5), the number of
elements were 85000.
3.4.4.3 General Characteristics of the Model
A complete 3-dimensional model was created and analyzed in ABAQUS. If a symmetry exists
in geometry as well as the line of action of forces, then a half or quarter or even a sector
of a circular or octagonal foundation can be modelled. However, in the present case, the
foundation is subjected to vertical, horizontal and moment loading and a symmetry of forces
is not possible by reducing the size to half or quarter. Hence a full 3-dimensional model was
created. Although such a model has more number of elements and hence takes more time
to nd the solution, it provides more and better information in terms of stresses and strains
occurring in various parts of the model.
The general characteristics of the model are as follows.
Problem Geometry
Fig 3.31 and 3.32 shows the geometries for the circular and octagonal foundations.
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Figure 3.31: Circular foundation
Figure 3.32: Octagonal foundation
The octagonal foundation has 19m diameter of its inscribed circle and 3m depth. Note that the
octagonal foundation is assumed to have a uniform depth/thickness and does not taper towards
the edges (to compare with a typical case used in the wind industry, refer Fig. 3.1). Section
8.2.1 of DNV (2002) states that for calculation of the eective area of a polygon (octagon),
the radius of the inscribed circle of the polygon must be used. Taking note of this point, the
circular foundation having a diameter equal to that of an inscribed circle is modelled in the
present research. Thus, the diameter of circular foundation is 19m and its depth is 3m.
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Boundary Conditions
The vertical boundaries of the soil were placed at a distance 3D from each of the foundation
edges. A roller support condition was applied on both the vertical sides. This implies that
displacements in horizontal directions (X and Y) were restricted. The base of the soil was
kept at a distance just over 2D from the foundation bottom. The base was xed and all the six
degrees of freedom were constrained. The top surface of the soil was kept free. The boundary
distances and conditions used have been used previously by many researchers. A summary of
boundary distances from the foundation edge or base for other studies is given in Table 3.10.
Figure 3.33: Boundary distances for the mesh
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Published Study FEA type Horizontal distance
from foundation edges
Vertical boundary
from the soil surface
Bransby (1998) 2D 2.5D 2.5D
Taiebat (2000) 3D 4.5D 5D
Taiebat (2002a) 2D,3D 3.5D 4D
Taiebat (2003) 3D 3.5D 4D
Gourvenec (2003) 2D,3D 2.5D 2.5D
Gourvenec (2004) 3D 2.5D 2.5D
Edwards (2005) 2D 7B 5B
Gourvenec (2006) 3D 3B 2.5B
Yun (2007) 2D 4.5B 3B
Taiebat (2010) 3D 4D 4D
Barnett (2011) 2D 5B 5B
Gourvenec (2011) 2D 6B 6B
Cassidy (2013) 2D 2.5B 2.8B
Table 3.10: Summary of boundary distances from published studies
Finite Element Mesh
A typical mesh consisted of 65400 nodes and 62200 elements. Three-dimensional eight node
continuum element with reduced integration C3D8R was used to discretize foundation and
soil into nite elements. The size of the elements were varied depending on their proximity
to the load applied. When C3D8R elements are used in ABAQUS, the bulk modulus of soil
cannot exceed 25 times the shear modulus. This may cause convergence problems. Hence a
Poisson’s ratio of 0.48 which is less than 0.49 was used to solve this issue. The other solution
to this problem is to use continuum hybrid elements C3D8H which does not put restrictions
on the value of bulk modulus and allows the use of Poisson’s ratio equal to 0.49.
For the case of embedded foundations, the mesh density above and around the foundation
was also increased. The gure given below shows the mesh for a circular foundation with
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embedment ratio d/D = 1. Whilst this is highly unlikely to be used in practice, it was included
in the study for completeness.
Figure 3.34: Mesh details for embedded foundation d/D = 1
For the case of the soil with highest strength heterogeneity factor k = 1.5, the mesh was made
denser near the interface. Three layers of very thin soil elements of 0.2m thickness were
provided. The mesh is shown in the Fig. 3.35 given below.
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Figure 3.35: Mesh details for surface foundation with heterogeneity factor k = 1.5
Contact Conditions
For surface foundations, only the foundation bottom and soil contact occurs. The adhesion
factor for this contact surface was assumed equal to 1. For the case of embedded foundations,
there is contact at the side surfaces as well as on the foundation top. The adhesion factors
in these cases were assumed equal to 0.5. The maximum shear stress mobilized at the side
and top surfaces is, thus, half of that developed at the bottom. Further details of the contact
denitions used in the 3-dimensional modelling have been mentioned previously in Section
3.4.3.3.
3.4.4.4 Restarting an Analysis in ABAQUS
Since the number of analysis runs are very high, the ‘restart’ analysis feature was used in
ABAQUS to save computational eort and time. The restart feature creates additional les on
the computer hard disk that are used for the restart and thus, consume extra space. However,
it provides a user with many advantages as listed below.
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• It allows the user to restart an analysis from the completion of a step thereby provid-
ing the ability to troubleshoot eciently and pinpoint the area where the problem is
occurring.
• It saves a lot of time when same procedure has to be followed for dierent analysis.
For example, in the present research, every analysis begins with geostatic equilibrium
step. For each single case, uniaxial vertical, horizontal & moment loads and VH, VM &
HM failure envelopes need to be found. Thus, by using a single analysis le solved for
geostatic step, considerable amount of time can be saved.
• It provides the exibility to retain only one increment per step by ‘overlaying’ the data
from the previous increment thereby minimizing the size of le. In all the analysis here,
only the last increment of the step was saved rather than all the increments of the step.
3.5 Summary
In this chapter, a 3-dimensional numerical model for the octagonal foundation in the eld was
developed in the nite element program ABAQUS, to study its bearing capacity response to
combined loading (vertical, horizontal and moment) under undrained conditions. The problem
of combined loading was solved implicitly in ABAQUS. For all the analysis, loads were applied
in the form of displacements at the load reference point (LRP). The load reference point was
chosen as the centre of the base of the foundation. Reaction forces/moments at this point
were used to obtain the uniaxial limit capacities. Swipe tests were performed to obtain failure
envelopes in VH, VM and HM planes. The real soil was idealised as a linear elastic-perfectly
plastic material. To describe the plastic deformations in the soil, the Mohr-Coulomb failure
criterion was considered sucient for the nite element analysis. Choice of other constitutive
models, such as those used to describe anisotropic soils, etc. requires more experimental and
eld data, and was not necessary for this study.
In the initial part of the study, a 2-dimensional plane strain model for strip footing was created
and subjected to combined loading. The uniaxial bearing capacities and envelopes in VH &
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VM planes when compared, matched reasonably well with published data. This helped in
validating the boundary conditions, mesh techniques, geometry and contact denitions. The
contact between the foundation and the soil can sustain tension and is, thus, separable.
Subsequently, 3-dimensional models were created for circular foundations to further calibrate
the model. As a part of mesh sensitivity analysis, three meshes with dierent densities were
created and subjected to uniaxial & combined loadings. The results from this analysis were
compared with those available in the literature. Finally, Mesh 2 was chosen to minimize the
computational eort & time while maintaining the accuracy of the solution. In Mesh 2, a
single layer of soil elements of thickness 0.2m (≈ 1/100th of the foundation diameter) was
used at the interface to provide sliding resistance against any horizontal forces.
Various cases of foundation embedments and soil strength heterogeneity were considered for
both, circular and octagonal foundations. The mesh densities were suitably increased wherever
deemed appropriate. Depending on whether the foundation is on the soil surface, shallowly
embedded or presence of soil strength heterogeneity, failure criteria to dene ultimate vertical,
horizontal and moment loads were dened. A sti crust overlying a soil with linearly increasing
strength was considered. A parametric study to study the eects of crust thickness, embedment
depth relative to crust thickness, average crust strength and shear strengths of the underlying
layer relative to that of the crust was conducted as the nal part of the current research.
Chapter 4
Results and Discussions
4.1 Introduction
In this chapter, the results of the nite element analysis of the undrained bearing capacities
of footings subjected to uniaxial and combined loadings are presented and discussed. Most
published data relates to strip or circular footings subjected to combined loading owing to
their simple shapes. Therefore, the rst part of this chapter presents ndings for circular
footings. The results are compared with the solutions given by analytical, conventional and
nite element solutions published in the literature. The second part of the chapter covers
octagonal foundations, which is the main focus of this research. Here, the results are compared
with the nite element solutions obtained for circular foundations in this research.
The nal part of this chapter presents the results for the special cases considered and extends
the work done in the second part. First, a special case with a surface crust layer of high
shear strength is considered. Uniaxial ultimate capacities and failure envelopes are derived for
this case and compared with the previously obtained results. Second, the foundation size is
reduced whilst keeping the aspect ratio equal to the original embedded foundation. Failure
envelopes are plotted to assess if the reduced size of the foundation can sustain the loads
under ‘normal’ (or ‘working’) and ‘extreme’ loading conditions. The bearing capacity response
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of the original embedded foundation is also obtained under ‘working’ and ‘extreme’ loading
conditions, presented in Appendix D. Third, bearing capacities of a circular foundation with
radius equal to that of the circumscribed circle of the octagon are determined. Usually, the
radius of the inscribed circle of the polygon is considered for the analysis, as mentioned in
DNV (2002). This case investigates if using a circumscribed circle has any eects on the bearing
capacity of the foundation. For the nal special case, horizontal force and moment are applied
through or about the diagonal of an octagonal foundation, to compare with the predominant
case used in the thesis (horizontal force/moment through the mid-point of a side). Ultimate
uniaxial bearing capacities and failure envelopes are derived for this work. The details of the
last two cases are presented in Appendix B.
For every case considered, the foundation is rst subjected to uniaxial loads using displacement-
controlled analysis till the ultimate point is reached. The uniaxial vertical, horizontal and
moment limit capacities, henceforth, obtained are presented in the form of bearing capacity
factors. Subsequently, swipe tests are done in 2-dimensional planes, viz. VH, VM and HM. For
the swipe tests in the VH and VM planes, the foundation is rst loaded in the vertical direction
till the ultimate vertical capacity is reached. For the second step, it is loaded horizontally or
in the moment direction, keeping the increment in the vertical direction equal to zero till
the ultimate point is reached in the second applied load direction (i.e. horizontal or moment
direction). To nd the HM failure envelopes, the foundation is rst loaded vertically with
a displacement corresponding to half of the ultimate vertical load. In the absence of a fully
bonded contact at the interface, the foundation cannot develop any horizontal or moment
resistance without vertical load (Taiebat & Carter, 2002a); (Houlsby & Puzrin, 1999). Secondly,
the foundation is loaded horizontally till its uniaxial horizontal capacity is reached. Finally,
the foundation is swiped in the moment direction, keeping the increment in the horizontal
direction equal to zero. Once the ultimate moment is reached, the loading is stopped.
The paths traced by the swipe tests provide failure envelopes in 2-dimensional load planes.
Loads which lie inside the envelope are considered safe, while those lying outside dene
foundation failure. Ultimate limit states and kinematic mechanisms accompanying failure
are presented. To study the size of the envelopes, they are non-dimensionalized by the
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foundation geometry and soil shear strength, and to investigate the eect of their shapes, they
are normalized by ultimate uniaxial loads.
4.2 Undrained Bearing Capacity of Circular
Footings
The bearing capacities of circular foundations subjected to uniaxial and combined loadings
are investigated under undrained conditions. Case I, II and III represent surface and embed-
ded foundations with homogeneous soil and surface foundation with heterogeneous soils
respectively.
4.2.1 Case I: Surface Foundation on Homogeneous Soil
(3-dimensional)
Notations for loads and displacements
Vertical Horizontal Moment
Load V H M
Ultimate load V0 H0 M0
Dimensionless load v= V/ASu h=H/ASu m=M/ADSu
Dimensionless ultimate load
(Uniaxial bearing capacity fac-
tors)
v0= V0/ASu h0=H0/ASu m0=M0/ADSu
Normalized load v′=V/V0 h′= H/H0 m′=M/M0
Displacement w u θ
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Uniaxial Bearing Capacity Factors
The plots used to nd the values of uniaxial bearing capacity factors are shown below in Fig.
4.1-4.3. Loads are drawn in dimensionless form on the vertical axis, while the fraction of total
load is plotted on the horizontal axis. For example, a value of 0.2 on X-axis represents 20%
of the total vertical load and a value of 1 represents 100% of the total vertical load. Values of
dimensionless load on the Y-axis represent bearing capacity factors. For nding v, a very small
horizontal load (V/H or w/u= 60) is applied as described previously in Chapter 3. The value of
v corresponding to the maximum value of h is taken as the vertical bearing capacity factor.
For example, in Fig. 4.1, v0= 6.08.
Figure 4.1: Case I: Load response under vertical and horizontal loading
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Figure 4.2: Case I: Load response under horizontal loading
Figure 4.3: Case I: Load response under moment and horizontal loading
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v0
FEM (this study) 6.08
Gourvenec and Randolph (2003) 5.91
Cox et al. (1961) 6.05
Houlsby and Wroth (1983) 6.05
Taiebat and Carter (2000) 5.70
Vesic (1973) 6.17
Shen et al. (2016) 5.87
Table 4.1: Case I: Comparison of values of v0 for a circular surface footing on homogeneous
clays with published data
h0
FEM (this study) 1.03
Gourvenec and Randolph (2003) 1.02
Shen et al. (2016) 1.02
Table 4.2: Case I: Comparison of values of h0 for a circular surface footing on homogeneous
clays with published data
m0
FEM (this study) 0.69
Gourvenec and Randolph (2003) 0.69
Upper bound (Gourvenec & Randolph, 2003) 0.67
Taiebat and Carter (2000) 0.80
Shen et al. (2016) 0.61
Table 4.3: Case I: Comparison of values of m0 for a circular surface footing on homogeneous
clays with published data
Table 4.1 provides the calculated value of dimensionless ultimate vertical load (v0) from the
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current study along with available published data for vertical bearing capacity under equivalent
conditions from various other studies. The value of v0, 6.08 is slightly higher than the exact
value calculated by Cox et al. (1961) & Houlsby and Wroth (1983) for a rough contact surface,
which is 6.05. This slight over-prediction can be attributed to dierent contact conditions
assumed in the present and past works. In the previous works, a rough and fully bonded contact
was usually assumed, whereas in the present research, separation between the foundation and
soil is allowed although a rough interface has been modelled. Shen et al. (2016), who used a
no-tension interface under-predicted the vertical collapse load by 3%. The accuracy of the
nite element solution may also be aected by the use of 3-dimensional analysis, wherein
more soil is involved in the failure compared to that in a 2-dimensional analysis. However, the
value is relatively closer and more accurate than 6.17, found with the conventional solution
given by Vesic (1973).
The calculated values of dimensionless ultimate lateral (h0) and ultimate moment load (m0)
are shown in Table 4.2 and 4.3 respectively. For a surface foundation, ultimate lateral capacity
is estimated based on the assumption that the maximum sliding resistance or shear stress
that can be mobilized at the interface is equal to the undrained shear strength Su . Thus, h0
is always theoretically equal to 1.0. In the current nite element analysis, the h0 value of
1.03 is only 3% higher than the theoretical solution. This error is 1% higher than Gourvenec
and Randolph (2003) and Shen et al. (2016) who reported a value of 1.02. Since the contact
between the foundation and soil is separable, no moment can be sustained in the absence of
any vertical load. In order to obtain the maximum value of ultimate moment (m0), displacement
corresponding to a value of 0.5V0 was applied at the reference point as suggested by Taiebat and
Carter (2010). The value of m0 = 0.69 matches exactly with that obtained by Gourvenec and
Randolph (2003), although they considered a fully bonded contact with no vertical load applied
to nd ultimate moment. However, this value is higher than that calculated by Shen et al.
(2016). When compared with the upper bound solution, m0 is around 3% higher. However,
Taiebat and Carter (2000) calculated a value of 0.80, signicantly higher than the current
solution.
Note that all of the previous works mentioned above, except Shen et al. (2016), assumed a
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fully bonded contact i.e. no separation between foundation and soil was allowed. Shen et al.
(2016) used a no-tension interface to model the contact between circular foundation and soil
with a coecient of friction, µ = 20 (i.e. equivalent friction angle of ϕ = tan−1 20 = 87.1◦ very
close to 90◦). In contrast, a no-tension interface behaviour with µ = 1, which corresponds to
ϕ = tan−1 1 = 45◦ is assumed in the present research. Additionally, Shen et al. (2016) found
that the value of vertical load V at which the ultimate moment (m0) occurs, is equal to 0.49V0
whereas V=0.50V0 at m0 in the present case, is slightly higher.
Failure Envelopes
The failure envelopes in VH, VM and HM load space planes are plotted below along with
published data. The failure envelopes in the VH and VM planes for the conventional method
are obtained from the plots given by Taiebat and Carter (2002b) who used the traditional
method given by Vesic (1973). For the HM failure envelope, the data values are derived from
the plot given for the traditional method (Meyerhof, 1953) in Shen et al. (2016) for V= 0.5V0
(which gives the maximum possible ultimate moment capacity).
Figure 4.4: Case I: Failure envelope in the normalized VH plane
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Figure 4.5: Case I: Failure envelope in the normalized VM plane
Figure 4.6: Case I: Failure envelope in the normalized HM plane
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The predicted failure envelope for VH loading is presented in Fig. 4.4 in normalized form and
compared with Gourvenec and Randolph (2003), Taiebat and Carter (2002b), Shen et al. (2016)
& the conventional method (Vesic, 1973). It shows that the conventional method neglects
some potential additional bearing capacity when horizontal loads are increased. At very high
horizontal loads, the bearing capacity decreases indicating that at this stage, the failure is
dictated by the horizontal loads rather than the vertical loads. The conventional method
neglects this eect and hence, slightly over-predicts the bearing capacity.
The angle of inclination that an inclined/resultant load makes with the vertical direction can
be calculated as inverse tangent of the ratio of horizontal to vertical force. For a given vertical
force, the maximum value of this angle is known as the critical angle of inclination and it
signies the stage at which horizontal load starts dominating. This value is found to be 15.3◦;
this is lower when compared to that given by Taiebat and Carter (2000) and Bolton (1979)
(19◦), but higher than that calculated by Vesic (1973) (13◦). If the inclination angle is more than
the critical value (i.e. very high horizontal force is acting), the vertical force does not have any
inuence on the horizontal capacity of the foundation.
The failure locus obtained by combined vertical and moment loading is shown in Fig. 4.5 and
compared with those of Gourvenec and Randolph (2003), Taiebat and Carter (2002b), Shen et
al. (2016) and the conventional method (Vesic, 1973). The envelope derived from the current
study becomes conservative compared to that derived by the conventional method. This shows
that the eects of extreme eccentricity are not taken into account by conventional methods
and thus, the bearing capacity is overestimated. Indeed, Section 8.2.1 of DNV (2002) modies
the bearing capacity formula for extremely eccentrically loaded foundation (e > 0.3B), where
more soil under the heel of the foundation is involved in the failure (eqn. 2.23).
Fig. 4.6 presents the HM failure envelope. The failure envelope has been plotted at displacement
corresponding to a xed vertical load of V= 0.5V0. Under eccentric and inclined loading,
conventional methods overlook the bearing capacity and become conservative with respect
to the envelopes calculated with the numerical analysis. Thus, conventional methods take
eccentricity or inclination into account separately, but will breakdown when eccentric and
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inclined loads act together. The failure envelope derived in the current work using swipe
test is slightly smaller than that given by Shen et al. (2016) who used displacement probe
tests to derive the HM failure envelopes. As pointed out by Gourvenec and Randolph (2003),
swipe tests must be used with care when deriving envelopes in the HM plane. If the elastic
deformation becomes greater than the plastic deformation, the load path moves inside the true
failure envelope (Taiebat & Carter, 2010).
Contact Area
Figure 4.7: Case I: Comparison of contact areas calculated by numerical method and DNV
(2002) under eccentric loading
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Figure 4.8: Case I: Comparison of contact areas calculated by numerical method and DNV
(2002) under eccentric loading
The contact areas predicted during eccentric loading (combined vertical and moment loads) by
the nite element analysis and DNV (2002) which uses the conventional method of calculating
eective area are plotted together in Fig. 4.7. The increasing eccentricity as a fraction of the
diameter D is also plotted on the secondary Y axis. The contact area calculated in the current
study is always higher than that estimated with the DNV (2002) method. When vertical load
is high, the contact areas predicted by both methods are close to each other and the dierence
is only 3.90%. As the eccentricity increases, the two values diverge more from each other.
When the moment load reaches its ultimate value, the dierence is 33.91%. The larger area
predicted by the nite element (FE) analysis contributes towards the larger prediction of
moment capacity. The contact areas are also compared for three values of eccentricity in Fig.
4.8. The area shown in red and green was predicted using nite element analysis, while the
elliptical shaped area with black outline and shaded with white stripes is estimated by using
the DNV method.
Chapter 4. Results and Discussions 129
Von Mises Stress Distribution
Absolute values of Von Mises stress are shown from Fig. 4.10 to 4.12 for various load conditions.
The stress distribution when no load is acting (i.e. after the geostatic step) is also shown in Fig.
4.9 to benchmark the changes in the stress when uniaxial ultimate loads act on the foundation.
The values of Von Mises stress shown in the legend are in kN/m2 and the contours are plotted
on the undeformed mesh for a section through diametrical plane of the foundation with y = 0
(XZ plane). The contours shown are continuous and results are calculated by averaging the
output at each node of the extrapolated results of the corresponding element. The averaging
is done only if the results from one element are within 75% of that from the other i.e. no more
than 25%. Note that for the foundation itself, no stress output was obtained since the degrees
of freedom for all of its nodes were constrained to that of a single load reference point (LRP).
Absolute values of Von Mises stress are shown from Fig. 4.10 to 4.12 for various load conditions.
The stress distribution when no load is acting (i.e. after the geostatic step) is also shown in Fig.
4.9 to benchmark the changes in the stress when uniaxial ultimate loads act on the foundation.
The values of Von Mises stress shown in the legend are in kN/m2 and the contours are plotted
on the undeformed mesh for a section through diametrical plane of the foundation with y = 0
(XZ plane). The contours shown are continuous and results are calculated by averaging the
output at each node of the extrapolated results of the corresponding element. The averaging
is done only if the results from one element are within 75% of that from the other, i.e. no more
than 25%. Note that for the foundation itself, no stress output was obtained since the degrees
of freedom for all of its nodes were constrained to that of a single load reference point (LRP).
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Figure 4.9: Case I: Von Mises stress distribution at zero load
Figure 4.10: Case I: Von Mises stress distribution at ultimate vertical load
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Figure 4.11: Case I: Von Mises stress distribution at ultimate horizontal load
Figure 4.12: Case I: Von Mises stress distribution at ultimate moment load
Due to the action of the ultimate vertical load, stresses immediately below and around the
foundation increase (by more than 35%). When ultimate horizontal or moment loads act,
tension is developed at the interface (grey shaded areas shown in Fig. 4.13 and 4.14). Tension
is developed in the soil below the foundation edge on the −X side due to the horizontal
load acting in the +X direction at load reference point (LRP). When moment is acting in the
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clockwise direction about the Y axis at LRP, tension is developed in the semicircular contact
area on the −X side. Most of this soil area is not in contact with the foundation at the end of
ultimate moment load. Tension is also developed in the area outside the semicircular area on
the +X side of the foundation.
Figure 4.13: Case I: Development of tension at ultimate horizontal load
Figure 4.14: Case I: Development of tension at ultimate moment load
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4.2.2 Case II: Embedded Foundations in Homogeneous Soil
Analyses were conducted for circular foundations embedded at four dierent depths in homo-
geneous soil as shown in Table 4.4.
Embedment ratio, d/D Embedding depth, d (m)
0.157 3
0.32 6
0.5 9.5
1.0 19
Table 4.4: Case II: Details of embedment cases considered
The results from the surface foundations usually provide lower bearing capacity values as
compared to those of embedded foundations. An embedment ratio of 0.157 represents the
present condition in the eld (at Port Alma), where the foundation is placed at 3m below
ground surface level. Data obtained from foundation embedment ratios 0.32 and 0.5 are used
to check the trend of change in the bearing capacity factors and the size and shape of the
failure envelopes. An embedment ratio of 1.0, i.e. embedding depth equal to the diameter of
the foundation (19m) is not possible practically for wind turbine foundations. However, it
serves as an upper bound to the other cases considered.
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Uniaxial Bearing Capacity Factors
d/D v0 h0 m0
0 6.08 1.03 0.69
0.157 7.42 1.97 1.04
0.32 8.48 3.10 1.36
0.5 9.51 3.78 1.69
1.0 11.40 5.03 2.00
Table 4.5: Case II: Uniaxial bearing capacity factors under varying embedment conditions
d/D FEM
(this study)
Meyerhof
(1951)
Hansen
(1970)
Cox
(1961)
Salgado
(2004)
Gourvenec
(2011)
0 6.08 6.168 6.168 6.05 5.757 5.945
0.157 7.42 6.362 6.555 − 6.756 7.280
0.32 8.48 6.563 6.958 − 7.206 8.246
0.50 9.51 6.785 7.402 − 7.592 9.105
1.0 11.40 7.402 8.106 − 8.421 11.18
Table 4.6: Case II: Comparison of v0 for embedded foundations in homogeneous clay with
published data
d/D FEM
(this study)
Gourvenec
(2008)
0 1.03 1.00
0.157 1.97 1.66
0.32 3.10 2.27
0.5 3.78 2.85
1.0 5.03 3.94
Table 4.7: Case II: Comparison of h0 with published data
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d/D FEM
(this study)
Gourvenec
(2008)
0 0.69 0.69
0.157 1.04 1.23
0.32 1.36 1.54
0.5 1.69 1.95
1.0 2.00 3.54
Table 4.8: Case II: Comparison of m0 with published data
The uniaxial bearing capacity factors (v0, h0 & m0) are presented in Table 4.5 for dierent
embedment conditions. Note that some of the reported values in this table from the published
data have been obtained by interpolation. With increasing depth of embedment, all of the 3
bearing capacity factors increase. Embedment of the foundation causes more soil around and
above the foundation to be involved in the failure, which results in an increase of bearing
capacity.
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Figure 4.15: Case II: Comparison of v0 with published data
Figure 4.16: Case II: Comparison of h0 with published data
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Figure 4.17: Case II: Comparison of m0 with published data
Fig. 4.15 shows a comparison between v0 obtained from the current study and the previous
works. Values for Meyerhof (1951) and Hansen (1970) have been derived by multiplying shape
and depth factors with v0 for a strip footing. While Salgado et al. (2004) used 3-d nite element
limit analysis, Gourvenec and Mana (2011) used both nite element limit analysis and nite
element analysis to derive vertical bearing capacity factors for circular footings. It is clearly
evident from the gure that with increase in the embedment, v0 always increases. Values of
v0 match fairly well with those of Gourvenec and Mana (2011). However, all of the values
are slightly higher; the maximum being 4.26% in the case of d/D = 0.5. Values given by the
conventional methods of Meyerhof and Hansen are lower, since they do not take 3-dimensional
eects into account. The results from the nite element analyses from this study suggest a
possible quadratic relationship between ultimate uniaxial vertical load and embedment ratio,
for 0 ≤ d/D ≤ 1, which can be expressed as
v0 = [1 + 1.5(d/D) − 0.65(d/D)2] × 6.08 (4.1)
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v0 obtained from the expression above and that from the nite element study is compared
graphically in Fig. 4.18. Gourvenec (2008) investigated strip footings. A fully bonded contact
was assumed between the foundation and soil. Due to unavailability of data for circular footings,
the uniaxial horizontal and moment capacity factors are presented graphically with Gourvenec
(2008) in Fig. 4.16 and 4.17 respectively. However, the data is not directly comparable and is
used only as a reference. Like v0, h0 can also be related to embedment ratio using a quadratic
expression given by
h0 = [0.84 + 7.67(d/D) − 3.83(d/D)2] × 1.03 (4.2)
Figure 4.18: Case II: Comparison of v0 from the current nite element study and closed-form
expression
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Figure 4.19: Case II: Comparison of h0 from the current nite element study and closed-form
expression
The analytical expression values are plotted against those of the nite element study in Fig.
4.19. Similarly, a quadratic relationship exists between m0 and embedment ratio which can be
expressed as
m0 = [0.90 + 3.93(d/D) − 1.90(d/D)2] × 0.69 (4.3)
The plot of m0 values calculated using the above expression and nite element study are shown
below (Fig. 4.20).
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Figure 4.20: Case II: Comparison of m0 from the current nite element study and closed-form
expression
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Failure Envelopes
Figure 4.21: Case II: Failure envelope in the non-dimensional VH plane
Figure 4.22: Case II: Failure envelope in the normalized VH plane
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Figure 4.23: Case II: Failure envelope in the non-dimensional VM plane
Figure 4.24: Case II: Failure envelope in the normalized VM plane
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Figure 4.25: Case II: Failure envelope in the non-dimensional HM plane
Figure 4.26: Case II: Failure envelope in the normalized HM plane
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The ultimate limit states at dierent embedment ratios plotted in the VH, VM and HM planes
in terms of non-dimensional and normalized forms are shown from Fig. 4.21 to Fig. 4.26. In
all of the three planes, the failure envelopes are expanding indicating the increase in load-
carrying capacity with increase in the embedment ratio. In the VH and VM planes, the shape
of the failure envelopes are similar but not unique. In the normalized HM plane, considerable
variation occurs in the size of the failure envelopes with change in the embedment ratio. The
shape of the failure envelopes is also not similar except for the case when d/D = 0.32 and 0.5.
As a result, deriving a single curve-tting expression for the shape of the HM envelope is not
practical.
Failure Mechanisms
The failure mechanisms in Fig. 4.27 to 4.30 are shown for a section through the diametrical
plane of the foundation with y = 0 (XZ plane) and the mechanisms are plotted for this section
throughout this research.
Figure 4.27: Case I: Failure mechanism for a surface foundation under ultimate horizontal load,
d/D = 0 (V= 0.5V0)
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Figure 4.28: Case II: Failure mechanism for an embedded foundation under ultimate horizontal
load, d/D = 0.5 (V= 0.5V0)
Figure 4.29: Case I: Failure mechanism for a surface foundation under ultimate moment load
at V=0.5V0, d/D = 0 (V= 0.5V0)
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Figure 4.30: Case II: Failure mechanism for an embedded foundation under ultimate moment
load at V=0.5V0, d/D = 0.5 (V= 0.5V0)
Von Mises Stress Distribution
The Von Mises stress distribution is shown from Fig. 4.31 to 4.33.
Figure 4.31: Case II: Von Mises stress distribution at zero load, d/D = 0.5
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Figure 4.32: Case II: Von Mises stress distribution at ultimate vertical load, d/D = 0.5
Figure 4.33: Case II: Von Mises stress distribution at ultimate horizontal load, d/D = 0.5
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Figure 4.34: Case II: Von Mises stress distribution at ultimate moment load, d/D = 0.5
For an embedded footing, failure under ultimate horizontal load causes rotation of footing
(Fig. 4.28). In contrast, for a surface foundation, failure is governed by pure sliding (Fig. 4.27).
With increase in the embedment ratio, sliding decreases and rotation increases. Similarly, the
mobilization of ultimate moment is accompanied by horizontal displacement of the footing.
Thus, for a constant vertical load, coupling of horizontal and moment degrees of freedom
occur during HM loading. For a surface foundation subjected to uniaxial ultimate moment, a
negligible horizontal displacement is observed. The failure mechanism under pure moment is
shown in Fig. 4.29 for a surface foundation. Unlike Gourvenec and Randolph (2003), a scoop
mechanism is not observed for the surface foundation. This is because the foundation gets
uplifted as the moment load increases and loses contact with the soil partially (Fig. 4.35).
However, an embedded footing displays a scoop failure mechanism (Fig. 4.30), with the
centre of rotation moving towards the foundation as the embedment increases. No separation
between the foundation and soil is observed. Fig. 4.35 shows the change in contact area during
combined vertical and moment loading for an embedded foundation with d/D = 1, along with
that for the surface foundation. While for the surface foundation, the contact area changes
drastically as the foundation gets separated, the contact area for the embedded foundation
remains almost the same throughout the loading process. Thus, it can inferred from this that
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in an embedded foundation, the contact at the interface behaves as if it is fully bonded.
Figure 4.35: Case II: Comparison of contact area for a surface and embedded foundation
(d/D = 1)
The Von Mises stress distribution (in kN/m2) for a particular case of embedded footing,
d/D = 0.5 is shown from Fig. 4.31 to 4.34 under no load and at uniaxial limit states.
Plastic Strain
The plastic strain output PEEQ in ABAQUS for the ultimate load states for the surface founda-
tion and a foundation with d/D = 0.5 is shown from Fig. 4.36 to 4.41. PEEQ is a conjugate
strain of Von Mises stress. It is a scalar measure of accumulated plastic strain. It is derived
from the deviatoric part of strain tensor and is a measure of distortion. When a foundation
is embedded, the plastic strain is develops around and above the foundation, in addition to
the area below it. However, the magnitude of strains are less by an order of magnitude. The
plastic strain distribution for the ultimate moment load for the embedded foundation conrms
a scoop type mechanism as mentioned before. Whereas for a surface foundation, it occurs
further to one side, which is under compression compared to the other where the foundation
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loses contact with the soil. The plastic strains for embedded foundations are higher than that
for surface foundations except for the case of ultimate moment.
Figure 4.36: Case I: Plastic strain at ultimate vertical load for a surface foundation (d/D = 0)
Figure 4.37: Case II: Plastic strain at ultimate vertical load for an embedded foundation
(d/D = 0.5)
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Figure 4.38: Case I: Plastic strain at ultimate horizontal load for a surface foundation (d/D = 0)
Figure 4.39: Case II: Plastic strain at ultimate horizontal load for an embedded foundation
(d/D = 0.5)
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Figure 4.40: Case I: Plastic strain at ultimate moment load for a surface foundation (d/D = 0)
Figure 4.41: Case II: Plastic strain at ultimate moment load for an embedded foundation
(d/D = 0.5)
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4.2.3 Case III: Surface Foundations on Heterogeneous Soil
This case investigates the eects of soil strength heterogeneity on the bearing capacity of
shallow/surface foundations on clays under undrained conditions subjected to combined
loading. The soil strength with depth is varied linearly. Linear increase in strength with
depth is typical for normally consolidated soils (Chenari et al., 2014). The linear increase in
strength with depth is dictated by a non-dimensional ratio/soil strength heterogeneity factor
K′ = k .D/Su0, where k is the rate of increase of soil strength with depth and Su0 is the soil
strength at the ground surface. For clays, the k value typically varies between 0.6 kPa/m to
3 kPa/m (Tani & Craig, 1995). In the present analysis, 3 values of k viz. 0.5, 1 and 1.5 are
assumed, which correspond to K′ equal to 0.475, 0.950 and 1.425 respectively.
A value of Su0 equal to 20 kPa is assumed for the present analysis. As stated earlier in Section
3.4.2.1, a low value of Su allows using lower displacements to reach failure and saves computa-
tional costs signicantly without aecting the results. Values of other parameters for each
case are shown in Table 4.9.
k K′ Suz=40m Es (MPa) Es/Su Ec (GPa) Ec/Es
0.5 0.475 40 88.8 2220 250 2815.315
1.0 0.950 60 133.2 2220 375 2815.315
1.5 1.425 80 177.6 2220 500 2815.315
Table 4.9: Case III: Details of heterogeneity parameters considered for nite element analysis
The modulus ratio (Es/Su) was kept constant at 2220. Ec/Es represents the ratio of Young’s
modulus of concrete to that of the soil. A very high value such as that chosen here allows the
foundation to behave rigidly in the nite element model.
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Uniaxial Bearing Capacity Factors
V, H and M are non-dimensionalized by dividing them by Su0 (Gourvenec, 2004) and expressed
as bearing capacity factors. The values of v0, h0 and m0 are tabulated below in Table 4.10. Note
that the values of uniaxial bearing capacity factors for the previous works shown here are derived
by interpolating between suitable values.
K′ v0 h0 m0
0 6.08 1.03 0.69
0.475 6.39 0.99 0.76
0.950 6.71 1.00 0.78
1.425 7.35 0.99 0.83
Table 4.10: Case III: Uniaxial bearing capacity factors under varying soil strength heterogeneity
conditions
K′ FEM
(this study)
Gourvenec
(2003)
Houlsby
(1983)
Shen et al.
(2016)
0 6.08 5.91 6.05 5.87
0.475 6.39 6.32 6.48 6.24
0.950 6.71 6.73 6.91 6.61
1.425 7.35 7.06 7.24 6.97
Table 4.11: Case III: Comparison of v0 for surface foundations on heterogeneous soil with
published data
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K′ FEM
(this study)
Shen et al.
(2016)
0 1.03 1.02
0.475 0.99 1.02
0.950 1.00 1.02
1.425 0.99 1.02
Table 4.12: Case III: Comparison of h0 for surface foundations on heterogeneous soil with
published data
K′ FEM
(this study)
Gourvenec
(2003)
Upper bound
(Gourvenec, 2003)
Shen et al.
(2016)
0 0.69 0.69 0.67 0.61
0.475 0.76 0.76 0.72 0.64
0.950 0.78 0.82 0.77 0.66
1.425 0.83 0.88 0.82 0.69
Table 4.13: Case III: Comparison of m0 for surface foundations on heterogeneous soil with
published data
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Figure 4.42: Case III: Comparison of v0 with published data
Figure 4.43: Case III: Comparison of h0 with published data
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Figure 4.44: Case III: Comparison of m0 with published data
As the heterogeneity increases, the uniaxial bearing capacity factors also increase (see Table
4.10). Values of v0, h0 and m0 are compared with published data in Table 4.11, 4.12 and 4.13
respectively. The limit factors are compared with those obtained by Shen et al. (2016) who
also considered a no tension contact. However, Shen et al. (2016) used a coecient of friction,
µ = 20 (i.e. equivalent friction angle of ϕ = tan−1 20 = 87.1◦ very close to 90◦). In the present
research, a no-tension interface behaviour with µ = 1 which corresponds to ϕ = tan−1 1 = 45◦
is considered sucient to provide accurate results (as evident from the tables shown above).
Comparisons are also done with Gourvenec and Randolph (2003) & Houlsby and Wroth (1983)
who assumed a fully bonded contact. Their data was found to be accurate and close to the
conditions assumed. When compared with Shen et al. (2016), estimated v0 values are within 3%
when K′ = 0.475 and 0.95 whereas when K′ = 1.425, v0 is higher by 5.4%. The uniaxial lateral
capacity, h0 is under-predicted by 1% when K′ = 0.475 and 1.425 compared to the theoretical
solution of h0 = 1. When K′ = 0 and 0.95, the exact value of h0 = 1 is obtained. The uniaxial
moment capacity of the foundation has been compared with the values reported by Shen
et al. (2016) and nite element & upper bound plasticity solutions found by Gourvenec and
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Randolph (2003). For all values of K′, m0 exceeds the upper bound solutions. When K′ = 0.475,
m0 is higher by a maximum of 5.56%, while when K′ = 1.425, m0 is higher by a minimum of
1.22%. However, these values are in general closer to the upper bound solutions than the nite
element solutions.
The higher or lower values of limit capacities estimated from the nite element analysis can
be attributed to various reasons. To simulate the combined loading analysis, 3-dimensional
analysis has been adopted rather than 2-dimensional or axisymmetric. Unlike Gourvenec
and Randolph (2003) and Shen et al. (2016) who adopted semicircular 3-d models, a complete
3-d model is used in the present research to derive the results. Consequently, under pure
vertical loading, a large amount of soil undergoes out-of-plane failure. This can lead to higher
values than the exact collapse loads. Near the interface immediately below and outside the
foundation edge where small elements are used, stress concentration is very high and elements
undergo large distortion. The accuracy of numerical integration at Gauss points is reduced as
the elements become distorted, as the weighting factors relating to the position of integration
points become less valid. Although reduced integration elements with hourglass control were
used to minimise the error, the values were still higher compared to upper bound solutions for
moment capacities.
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Failure Envelopes
Figure 4.45: Case III: Failure envelope in non-dimensional VH plane
Figure 4.46: Case III: Failure envelope in normalized VH plane
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Figure 4.47: Case III: Failure envelope in non-dimensional VM plane
Note: For Fig. 4.46, the conventional method plots are shown for K ′ = 0, 2 from left to right. For Fig. 4.47, the
plots for Shen et al. (2016) and the conventional method are shown K ′ = 0, 2 and that for the current study are
shown for K ′ = 0, 0.475, 0.95, 1.425.
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Figure 4.48: Case III: Failure envelope in normalized VM plane
Figure 4.49: Case III: Failure envelope in non-dimensional HM plane
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Figure 4.50: Case III: Failure envelope in normalized HM plane
Fig. 4.45 to 4.47 and Fig. 4.48 to 4.50 show the non-dimensional and normalized failure
envelopes respectively. In the VH and VM planes, the envelopes are compared with those
given by Shen et al. (2016) using the nite element method and the conventional method. For
inclined loads, i.e in the VH plane, the failure envelope for the traditional method was derived
using the original solution given by Green (1954) expressed as
v = 0.5 + 0.5
√
1 − h (4.4)
Whereas for eccentric loads, i.e. in the VM plane, it was derived by using the eective area
method (Meyerhof, 1953). Values of K’ are close to those that Shen et al. (2016) considered
(K’=0, 2) and hence it is straightforward to make comparisons. In the non-dimensional VH
plane, the envelopes with K’= 0, 0.475 and 0.95 lie within the envelopes found with the nite
element analysis. The envelope with K’= 2 tracks a similar path to the envelope with K’= 1.425,
while the envelope derived from the traditional method with K’= 2 becomes unconservative.
This shows that simple scaling of envelopes as the heterogeneity increases does not yield
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accurate results. When normalized by the ultimate values, all of the envelopes fall in a very
tight band with the shape following the solution given by Shen et al. (2016). The shape of the
normalized envelope can be described by using a power law relationship (eqn. 4.5) plotted
in Fig. 4.51. The size of normalized envelopes given by the conventional method are smaller
highlighting the additional capacity it neglects.
v′ = (1 − h′)0.12 (4.5)
Figure 4.51: Case III: Curve-t expression for normalized VH envelope
Like the VH envelopes, the non-dimensional VM envelopes also expand in size as the hetero-
geneity increases. For all of the K′ values, the envelopes are slightly bigger. In the normalized
plane, as the heterogeneity increases, the size of the envelopes shrink. Thus, the range of
loads which can be considered safe for the foundation decrease as the heterogeneity increases.
The shape of the normalized envelopes can be described by using a parabolic equation as
given below. Note that Shen et al. (2016) also used the same equation to plot the shape of the
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normalized VM envelopes.
m′ = 4(v′ − v′2) (4.6)
Figure 4.52: Case III: Curve-t expression for normalized VM envelope
In the HM plane, the failure envelopes given by the traditional method are smaller than those
derived by the nite element analysis. This is because the traditional method overlooks the
eects of coupling of the H-M loading as the heterogeneity changes. The envelopes by Shen
et al. (2016) are close to those derived in the present research in both non-dimensional and
normalized forms. As the heterogeneity increases, the envelopes are found to shrink in size.
Failure mechanisms for surface foundations with heterogeneous soils under ultimate horizontal
and moment loading have very similar patterns of displacement vector as shown for the surface
foundation with homogeneous soil (Fig. 4.27, 4.29). Hence they are not shown separately. This
indicates that change in heterogeneity does not lead to change in failure mechanisms at least
for low values of heterogeneity factor (K′). Unlike Gourvenec (2004), a pure scoop mechanism
under ultimate moment is not observed, since separation between the foundation and soil
is allowed. However, as the heterogeneity increases, the lateral displacement accompanying
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rotational failure under ultimate moment and rotation accompanying horizontal failure under
ultimate horizontal load increases (Table 4.14). Since the change in heterogeneity is not high,
the increase in rotation or translation is also small.
K′ Horizontal displacement
during ultimate
moment load (mm)
Rotation during
ultimate horizontal load
(radians)
0.475 7.7 0.00035
0.950 15 0.00039
1.425 20 0.00046
Table 4.14: Horizontal displacements and rotations during ultimate moment and horizontal
load respectively
Von Mises Stress Distribution
The Von Mises stress distribution at the end of uniaxial loads for a surface foundation on
heterogeneous soil with K′ = 0.475 is shown from Fig. 4.53 to 4.56 . With increase in the
heterogeneity, the Von Mises stress also increase for all of the uniaxial ultimate limit states.
The average increase in stress is 19%, 12% and 16% for uniaxial ultimate vertical, horizontal
and moment loads respectively.
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Figure 4.53: Case III: Von Mises stress distribution at zero load, K′ = 0.475
Figure 4.54: Case III: Von Mises stress distribution at ultimate vertical load, K′ = 0.475
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Figure 4.55: Case III: Von Mises stress distribution at ultimate horizontal load, K′ = 0.475
Figure 4.56: Case III: Von Mises stress distribution at ultimate moment load, K′ = 0.475
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4.3 Undrained Bearing Capacity of Octagonal
Foundations
Similar to circular foundations, the bearing capacities of octagonal foundations subjected to
uniaxial and combined loadings are also investigated under undrained conditions. Case IV,
V and VI represent surface and embedded foundations with homogeneous soil and surface
foundation with heterogeneous soils respectively. The results from the nite element analysis
on circular footings act as benchmark and are used to compare the results with the octagonal
foundations.
4.3.1 Case IV: Surface Foundation on Homogeneous Soil
Uniaxial bearing capacity factors
The plots to nd the values of uniaxial bearing capacity factors are shown below.
Figure 4.57: Case IV: Load response under vertical and horizontal loading
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Figure 4.58: Case IV: Load response under horizontal loading
Figure 4.59: Case IV: Load response under moment loading
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The values of v0, h0 and m0 are tabulated in Table 4.15 below and compared with those obtained
from the nite element analysis of circular foundations.
v0 h0 m0
FEM (Octagon) 6.55 1.00 0.74
FEM (Circle) 6.08 1.03 0.69
Table 4.15: Summary of uniaxial bearing capacity factors for octagonal and circular foundations
The nite element analysis of octagonal foundations predicts higher vertical and moment
limit capacities compared to that for circular foundations. v0 and m0 exceed by 7.7% and 8.8%
respectively. This is because of the increased contact area due to the octagonal shape of the
foundation which is 5.5% greater than that of the inscribed circle of the octagon. For lateral
uniaxial capacity, an exact value of h0 = 1.00 is achieved, which indicates that ultimate lateral
capacity is independent of contact area.
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Failure Envelopes
Figure 4.60: Case IV: Failure envelope in the non-dimensional VH plane for an octagonal
foundation resting on soil surface
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Figure 4.61: Case IV: Failure envelope in the normalized VH plane
Figure 4.62: Case IV: Failure envelope in the non-dimensional VM plane
Chapter 4. Results and Discussions 173
Figure 4.63: Case IV: Failure envelope in the normalized VM plane
Figure 4.64: Case IV: Failure envelope in the non-dimensional HM plane
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Figure 4.65: Case IV: Failure envelope in the normalized HM plane
The non-dimensional and normalized failure envelopes in the VH, VM and HM planes are
shown from Fig. 4.60 to 4.65. While the non-dimensionalization enables the investigation
of the size of the failure envelopes, normalization by the ultimate values allows study of
the shape of the envelopes. For octagonal foundations, the VH and VM failure envelopes
in non-dimensional planes are slightly larger than their circular counterparts. In the VH
plane, due to the higher predicted v0, the gap between the two paths is high initially, but
narrows as the horizontal load starts dominating. In the VM plane, the wide gap between the
envelopes is consistently maintained while the moment load increases. This implies that under
eccentric loading, the assumption of using an inscribed circle instead of an octagon becomes
unconservative. The HM failure envelopes found at 0.5Vult load are very close to each other.
If the horizontal capacity of the circular footing would not have been over-predicted, then
the failure envelope would lie entirely inside of that derived for the octagonal footing. The
normalized envelopes have similar shapes in all of the 3 planes. The normalized envelopes of
the octagonal footing are, however, slightly smaller than those for the circular footing.
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Contact Area
Figure 4.66: Case IV: Comparison with contact area between DNV (2002), FEM (Octagon) and
FEM (Circle)
The contact area calculated during loading of ultimate moment is shown for octagonal &
circular foundations and compared with that predicted by DNV (2002). The area calculated
by the nite element analysis for a circular footing is slightly less than that for a octagonal
footing. Clearly, DNV (2002) underestimates the eective area throughout the loading process.
As the eccentric loading increases, the area given by the DNV method declines much more
sharply compared to that given by the nite element method. Thus, under moment loading,
traditional methods predict much of the foundation will lift o and lose contact with the soil.
This results in under-prediction of the moment capacity. The contact areas are also compared
for three values of eccentricity in Fig. 4.67. Area shown in red and green was predicted by
using nite element analysis, while the elliptical shaped area with black outline and shaded
with white stripes is estimated by using the DNV method.
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Figure 4.67: Case IV: Comparison with contact area between DNV (2002) and FEM (Octagon)
Failure Mechanisms
The displacement vectors representing failure mechanisms under ultimate horizontal and
moment loadings are similar for circular and octagonal footings (Fig. 4.27, 4.68 and 4.29, 4.69).
This shows that changes in the shape of the footing do not aect the failure mechanisms under
pure horizontal and moment loads.
Chapter 4. Results and Discussions 177
Figure 4.68: Case IV: Displacement vectors under ultimate horizontal load
Figure 4.69: Case IV: Displacement vectors under ultimate moment load
The distribution and magnitudes of the Von Mises stress for octagonal footing are very similar
to that of the circular footing as shown in Fig. 4.32, 4.33 and 4.34. However, the magnitudes
and distribution of plastic strain under ultimate load states is quite dierent (Fig. 4.70 to 4.72).
Under limit vertical load, the plastic strain is distributed over a wider area and is relatively
shallow. The magnitudes of plastic strain are slightly higher (from 0.06% to 2.4%) than that for
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the circular foundations in all the cases.
Figure 4.70: Case IV: Plastic strain at ultimate vertical load for surface octagonal foundations
Figure 4.71: Case IV: Plastic strain at ultimate horizontal load
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Figure 4.72: Case IV: Plastic strain at ultimate moment load
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4.3.2 Case V: Embedded Foundations in Homogeneous Soil
As shown in Table 4.4, like circular foundations, the octagonal foundations were also embedded
at 4 dierent depths. The uniaxial limit capacities and failure envelopes in the 2-d planes are
presented below.
Uniaxial Bearing Capacity Factors
The uniaxial bearing capacity factors expressed as dimensionless loads are given in Table 4.16.
d/D v0 h0 m0
0 6.55 1.00 0.74
0.157 7.60 1.93 1.10
0.32 8.60 3.25 1.46
0.5 9.45 3.75 1.75
1.0 11.37 4.92 2.20
Table 4.16: Case V: Uniaxial bearing capacity factors for embedded octagonal foundations
Comparison of v0 with that of Gourvenec and Mana (2011) and nite element analysis on
circular foundations is given below (Table 4.17). Solutions of h0 are compared with results from
the FEM study on circular foundations in this research since no published data is available. For
m0, upper bound solutions on strip foundations given by Yun and Bransby (2007) and results
from circular foundations in this study are used.
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d/D FEM
(Octagon)
Gourvenec
(2011)
FEM
(Circle)
0 6.55 5.95 6.08
0.157 7.60 7.28 7.42
0.32 8.60 8.25 8.48
0.50 9.45 9.11 9.51
1.0 11.37 11.18 11.40
Table 4.17: Case V: Comparison of v0 with published data
d/D FEM
(Octagon)
FEM
(Circle)
0 1.00 1.03
0.157 1.93 1.97
0.32 3.25 3.28
0.5 3.75 3.78
1.0 4.92 5.03
Table 4.18: Case V: Comparison of h0 with published data
d/D FEM
(Octagon)
FEM
(Circle)
0 0.74 0.69
0.157 1.10 0.90
0.32 1.46 1.36
0.5 1.75 1.69
1.0 2.20 2.00
Table 4.19: Case V: Comparison of m0 with published data
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Figure 4.73: Case V: Comparison of v0 with published data
Figure 4.74: Case V: Comparison of h0 with published data
Chapter 4. Results and Discussions 183
Figure 4.75: Case V: Comparison of m0 with published data
For d/D = 0.157 and 0.32, v0 is about 3% and 2% higher than the FEM (Circle) analysis
respectively. When embedment ratio increases to 0.5 and 1, v0 is lower than the FEM (Circle)
results by 1% and 0.5% respectively. The results for the octagonal foundations were obtained
using the same 3-dimensional mesh density as that for the circular foundations. This can cause
some error since more stress concentration occurs at the edges of the octagon resulting in more
distortion of elements which decreases the accuracy of the solution. When compared with
Gourvenec and Mana (2011), all values of v0 are higher. However, it must be noted that they
studied circular foundations. A quadratic relationship between v0 and d/D can be proposed,
which can be expressed as
v0 = [1 + 1.2d/D − 0.7(d/D)2] × 6.55 (4.7)
This expression is plotted and shown in Fig. 4.73. The lateral limit capacities are slightly lower
(between 0.8% to 3%) than those for the FEM (Circle) for all of the cases. The h0 values can also
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be represented by a quadratic relationship with d/D as given below and plotted in Fig. 4.74.
h0 = 0.96 + 7.63(d/D) − 3.69(d/D)2 (4.8)
The maximum variation in values between octagonal and circular foundations is found in the
case of uniaxial limit moment values. At d/D = 0.5, m0 is 3.55% higher while at d/D = 0.157,
it is 22.22% higher than FEM (Circle) value. For the most deeply embedded foundation, i.e.
d/D = 1, this variation is 9.5%. The average increase in m0 is 10.28%. This indicates that the
change in shape of the foundation from a circle to octagon signicantly increases its moment
bearing capacity. Especially when the foundation is shallowly embedded, this eect is more
pronounced than when it is deeply embedded. Thus, it can be said that under eccentric loading
the conventional approach of assuming an octagon equivalent to a circle gives unconservative
results. The closed form expression, which can be used to relate m0 with d/D is
m0 = 0.73 + 2.601(d/D) − 1.13(d/D)2 (4.9)
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Failure Envelopes
Figure 4.76: Case V: Failure envelope in the non-dimensional VH plane
Figure 4.77: Case V: Failure envelope in the normalized VH plane
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Figure 4.78: Case V: Failure envelope in the non-dimensional VM plane
Figure 4.79: Case V: Failure envelope in the normalized VM plane
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Figure 4.80: Case V: Failure envelope in the non-dimensional HM plane
Figure 4.81: Case V: Failure envelope in the normalized HM plane
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Failure Mechanisms
Failure mechanisms in the form of displacement vectors in the XZ plane are shown in Fig.
4.82 and 4.83 for ultimate horizontal and moment capacity for a foundation with d/D = 0.5
respectively. The mechanisms have similar patterns of displacement vectors as the circular
footing of the same embedment ratio.
Figure 4.82: Case V: Displacement vectors under ultimate horizontal load, d/D = 0.5
Figure 4.83: Case V: Displacement vectors under ultimate moment load, d/D = 0.5
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Von Mises Stress Distribution
The Von Mises stress distribution is shown from Fig. 4.84 to 4.86.
Figure 4.84: Case V: Von Mises stress distribution at ultimate vertical load, d/D = 0.5
Figure 4.85: Case V: Von Mises stress distribution at ultimate horizontal load, d/D = 0.5
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Figure 4.86: Case V: Von Mises stress distribution at ultimate moment load, d/D = 0.5
Plastic Strain
The plastic strain distribution is shown from Fig. 4.87 to 4.89. The plastic strain magnitudes
between circular and octagonal foundations for d/D = 0.5 vary within 1% of each other.
Figure 4.87: Case V: Plastic strain at ultimate vertical load, d/D = 0.5
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Figure 4.88: Case V: Plastic strain at ultimate horizontal load, d/D = 0.5
Figure 4.89: Case V: Plastic strain at ultimate moment load, d/D = 0.5
The VH failure envelope in non-dimensional and normalized form is shown in Fig. 4.76 and
4.77 respectively. For each embedment ratio, the envelopes for circular and octagonal footings
lie very close to each other with the envelope for an octagonal footing being slightly larger.
As the embedment ratio increases, the gap between the two failure envelopes decreases being
smallest at d/D = 1. In normalized form, the envelopes lie in a very tight band. Like the VH
Chapter 4. Results and Discussions 192
envelope, VM envelopes for the octagonal footing are also slightly larger in size than that for
the circular footing (Fig. 4.78), signifying the extra capacity available due to the increased area
of the octagon. In normalized form (Fig. 4.79), the yield surfaces lie very close to each other.
Except the envelope for a surface foundation (d/D = 0), the failure envelope size shrinks as the
embedment ratio increases for both circular and octagonal foundations. The HM envelopes for
octagonal footings lie in a tight band with those of circular footings, both in non-dimensional
and normalized form (Fig. 4.80 and 4.81).
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4.3.3 Case VI: Surface Foundations on Heterogeneous Soil
Similar to surface circular foundations (Section 4.2.3), this case investigates the eects of soil
strength heterogeneity on the bearing capacity of octagonal surface foundations on clays
under undrained conditions subjected to combined loading.
A value of Su0 equal to 20 kPa is assumed for the present analysis. The values of k , K′ and Su
(in kPa) are shown in Table 4.20.
k K′ Suz=40m
0.5 0.475 40
1.0 0.950 60
1.5 1.425 80
Table 4.20: Case VI: Details of heterogeneity parameters considered for nite element analysis
The variation of overconsolidation ratio (OCR), undrained shear strength Su and the ratio of
undrained shear strength to eective vertical stress, ζ with depth is shown for various values
of k in Fig. 4.90, 4.91 and 4.92 below. In Fig. 4.90, values of OCR are compared with oedometer
derived data obtained from Tyldesley et al. (2013).
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Figure 4.90: Case VI: Variation of OCR with depth
Figure 4.91: Case VI: Variation of Su with depth
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Figure 4.92: Case VI: Variation of ζ with depth
Uniaxial Bearing Capacity Factors
A summary of uniaxial bearing capacity factors is given in Table 4.21. Further, Table 4.21, 4.22
and 4.23 compare values of v0, h0 and m0 with that obtained for circular foundations under
the same conditions. While K′ represents soil strength heterogeneity ratio, k refers to rate of
increase of shear strength expressed in kPa/m.
K′ k v0 h0 m0
0 0 6.55 1.00 0.74
0.475 0.5 7.05 0.99 0.80
0.950 1.0 7.70 0.99 0.86
1.425 1.5 8.05 0.99 0.90
Table 4.21: Case VI: Summary of uniaxial bearing capacity factors for surface octagonal
foundation on heterogeneous soils
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K′ FEM
(Octagon)
FEM
(Circle)
0 6.55 6.08
0.475 7.05 6.39
0.950 7.70 6.71
1.425 8.05 7.35
Table 4.22: Case VI: Comparison of v0
K′ FEM
(Octagon)
FEM
(Circle)
0 1.00 1.03
0.475 0.99 0.99
0.950 0.99 1.00
1.425 0.99 0.99
Table 4.23: Case VI: Comparison of h0
K′ FEM
(Octagon)
FEM
(Circle)
Strip footing
(Gourvenec,
2003)
0 0.74 0.69 0.72
0.475 0.80 0.76 0.79
0.950 0.86 0.78 0.86
1.425 0.90 0.83 0.93
Table 4.24: Case VI: Comparison of m0
On average, the v0 values for octagonal footings are 10.28% higher. This increase is much higher
than that obtained between embedded octagonal and circular foundations on homogeneous
soil. This indicates that the change in shape has more eect on v0 for a surface foundation on
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heterogeneous soil than that for an embedded foundation in homogeneous soil. The variation
of v0 with K′ can be dened by a linear expression.
v0 = 6.565 + 1.08K′ (4.10)
Figure 4.93: Case VI: Comparison of v0
When compared with the theoretical solution h0 = 1, the uniaxial lateral capacity is slightly
under-predicted for all of the 3 cases by 1%. Whereas for m0, an average increase of 7.80% is
observed. m0 values were also compared with those for strip footings published by Gourvenec
and Randolph (2003). These two sets of values are very close (Fig. 4.94). The increase of m0
with K′ can be represnted with a linear relationship which can be expressed as
m0 = 0.744 + 0.11K′ (4.11)
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Figure 4.94: Case VI: Comparison of m0
It must be noted here that the linear relationships for v0 and m0 are not tested for K′ > 1.5
and must be used with caution.
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Failure Envelopes
Figure 4.95: Case VI: Failure envelope in the non-dimensional VH plane
Figure 4.96: Case VI: Failure envelope in the normalized VH plane
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Figure 4.97: Case VI: Failure envelope in the non-dimensional VM plane
Figure 4.98: Case VI: Failure envelope in the normalized VM plane
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Figure 4.99: Case VI: Failure envelope in the non-dimensional HM plane
Figure 4.100: Case VI: Failure envelope in the normalized HM plane
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The non-dimensional VH envelopes (Fig. 4.95) of octagonal footings are similar in shape but
slightly bigger than their circular counterparts. This signies the extra capacity available
due to the octagonal shape when inclined loads are acting on foundations. Unlike embedded
foundations, where the value of h0 keeps increasing with increasing embedment, the lateral
limit capacity remains at unity irrespective of the soil strength heterogeneity. However,
v0 values increase with increase in heterogeneity, which leads to VH envelopes expanding
laterally (in the +X direction). Indeed the critical angle of inclination with the vertical (when
horizontal load starts dominating) decreases as the heterogeneity increases (Table 4.25).
K′ Critical angle of
inclination (◦)
0 13.27
0.475 12.34
0.950 11.18
1.425 10.78
Table 4.25: Case VI: Critical angle of inclination for varying soil strength heterogeneity
Note that the critical angle of inclination for an octagonal footing (13.27◦) when K′ = 0 is less
than that for a circular footing (15.3◦).
The normalized VH envelopes (Fig. 4.74) of an octagonal footing are smaller in size than that
for a circular foundation and fall in a very tight band. The shape of the normalized envelope
can be described by a power law relationship given by
v′ = (1 − h′)0.12 (4.12)
Like the VH envelopes, the VM envelopes in the non-dimensional plane (Fig. 4.75) are also
bigger than that for circular footings and have a similar shape. The increase in heterogeneity
leads to bigger sizes of envelopes. However, in normalized form (Fig. 4.76), the envelopes of an
octagonal footing are smaller than those for a circular footing and are very close to each other.
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As the heterogeneity increases, the size of the envelope keeps shrinking. The normalized
vertical and moment forces can be related by a power law expression which can be expressed
as
v′ = (1 −m′)0.22 (4.13)
Unlike Gourvenec and Randolph (2003), envelopes in the HM plane have similar shape as
the heterogeneity changes (Fig. 4.77 and 4.78). As pointed out in Subsection 4.2.3, this is due
to the dierent contact conditions assumed. While they considered a fully bonded contact,
contact between the foundation and soil is separable in the present analysis. Hence the extra
capacity beyond ultimate moment value is not mobilized. In normalized form, the envelopes of
octagonal and circular footings are generally close to each other and shrink as the heterogeneity
increases.
Failure mechanisms for octagonal footings are similar to those for circular footings and hence,
are not shown specically. Thus, the failure mechanisms are independent of the shape of the
footing. The contours for Von Mises stress distribution also have the same patterns as that for
circular footings.
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4.4 Special Cases
4.4.1 Case VII: Circular foundation with Surcial Crust Layer
A circular foundation with a surcial crust overlying a soft clayey soil with linearly increasing
strength was also considered. The foundation was embedded 3m below ground surface (i.e.
d/D = 0.157). A parametric study was conducted to study the eects of surcial crust on the
bearing capacities of the foundation. To achieve this, four parameters related to surcial crust
were varied: crust strength (Sut ), crust thickness (tc ), shear strength at the soil surface (Su0) and
rate of increase of shear strength (k). Additionally, the depth of embedment of the foundation
(d) was also varied. The details of various cases considered are reiterated in Fig. 4.101. The
crust strength (Sut ) is increased in two stages: 75% the rst time and around 43% the second
time, keeping the strength of underlying layer (Subs ) constant. To study the eect of crust
thickness, it is increased from 2.5m to 5m and then to 7m. The eect of the strength of the
underlying layer is studied by varying the rate of increase of shear strength (k) and the shear
strength at the top surface (Su0) as shown in Fig. 4.101(c). A case for soil with uniform strength
throughout i.e. k = 0 was also considered. Finally, the foundation is embedded at 3m and 6m
to study the eect of embedments, during which the crust thickness is kept constant at 7m.
The results of the parametric study are given below in the form of uniaxial limit capacities
and failure envelopes for each case.
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Figure 4.101: Parameters chosen for the study
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Uniaxial Bearing Capacity Factors
Sut Subs/Sut v0 h0 m0
100 0.58 6.45 1.64 0.72
175 0.33 5.20 1.61 0.70
250 0.23 4.15 1.60 0.54
(a) Varying average crust strength
tc tc/D v0 h0 m0
2.5 0.13 3.10 0.80 0.34
5 0.26 4.10 1.53 0.48
7 0.37 5.20 1.61 0.70
(b) Varying crust thickness
Su0 k v0 h0 m0
0 3.20 3.74 1.60 0.51
30 1.60 4.25 1.60 0.55
50 1.14 5.20 1.61 0.70
60 0.00 4.03 1.61 0.59
(c) Varying Su increase with depth of underly-
ing layer
d d/tc v0 h0 m0
3 0.43 5.20 1.61 0.70
6 0.86 4.64 1.85 0.50
(d) Varying relative embedments
Table 4.26: Uniaxial bearing capacity factors for parametric study
Table 4.26 shows the uniaxial bearing capacity factors for the parametric study. With increase
in the average crust strength, the uniaxial limit capacities generally tend to decrease (Table
4.26a). The decrease in uniaxial capacity is highest (55.42%) for the case of v0 when Sut changes
from 100 kPa to 250 kPa. The value of h0 changes very slightly and remains relatively constant
around 1.60. The moment capacity decreases by around 30% when Sut changes from 100 kPa
to 175 kPa. However, it decreases very slightly when Sut increases further to 250 kPa. Thus,
when a very strong crust is present over a layer with lower shear strength, i.e. the gap between
shear strengths of the crust and the underlying layer is high, the uniaxial capacities are usually
low. The relationship between v0 and Sut/Subs can be expressed exponentially by eqn. 4.14
and is shown in Fig. 4.102.
v0 = 8.7e
−0.171 SutSubs (4.14)
Feng et al. (2015) related the uniaxial vertical and moment capacities of a rectangular mudmat
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with the ratio Sut/Subs by a relationship given as
v0 = a1
( Sut
Subs
)a2
(4.15)
m0 = b1
( Sut
Subs
)b2
(4.16)
a1,a2,b1,b2 are coecients which depend on the crust thickness, embedment depth and width
of the mudmat.
Figure 4.102: Vertical bearing capacity factors for foundations with varying crust strengths
Through nite element analyses, Merield et al. (1999) provided rigorous upper and lower
bounds for undrained bearing capacity of a strip footing resting on a two-layer clay deposit.
The upper and lower bound solutions are also shown in Fig. 4.102. The values of v0 for the
circular foundation with a crustal layer are much higher than the upper bound solutions for a
strip footing. However, the rate of decrease of v0 with Sut/Subs shows similar patterns in both
the cases.
With increase in the crust thickness, all of the 3 factors increase. The h0 and m0 almost doubles
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when tc/D changes from 0.13 to 0.37. The increase of v0 can be expressed by an exponential
relationship given by:
v0 = 2.3e2.18tc/D (4.17)
The closed-form expression is plotted in Fig. 4.103 along with values obtained from the current
study.
Figure 4.103: Vertical bearing capacity factors for foundations with varying crust thickness
The uniaxial lateral capacity remains relatively unchanged with change in the shear strength
of the layer underlying the crust. Whereas, with linear increase in the rate of shear strength
with depth, the foundations gain ultimate vertical and moment bearing capacity. Note that a
case of uniform Su0 = 60 kPa throughout the soil depth was also considered. When compared
with Su0 = 30 kPa with k = 1.60, v0 are underestimated with uniform Su0 = 60 kPa . Thus, the
assumption of a single layer with uniform shear strength and its value must be chosen carefully
for bearing capacity analysis. Merield et al. (1999) obtained a number of failure mechanisms
for a strip footing that are functions of crust thickness and the ratio Sut/Subs . They concluded
that existing upper bound and semi-empirical solutions that are based on a single assumed
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failure surface cannot model the likely failure mode over a large range of footing geometries.
When the depth of embedment increases to 6m from 3m, the uniaxial vertical and moment
capacities decrease. This can be attributed to the increased proximity of the foundation to
the weaker clayey layer (tc = 7m). It is interesting to note that the lateral capacity, however,
increases by 15%. This is probably due to the extra soil above the foundation surface (when
d = 6m) that mobilizes the extra moment capacity.
Failure Envelopes
Failure envelopes in non-dimensional planes are shown from Fig. 4.104 to 4.106. As the average
crust strength (Sut ) increases from 100 kPa to 250 kPa, the failure envelopes contracts in all
of the 3 planes. Note that the thickness of the crust, tc = 7m and the value of Subs ≈ 58 kPa
with k = 1.14. As the value of shear strength of the crust diverges from that of the underlying
layer, the failure envelopes become smaller. For a constant crust strength (Sut = 175 kPa),
the failure envelopes decrease in size as the thickness of the crust decreases. The failure
envelopes expand as the value of k increases from 1.14 to 3.20. In the VH and VM planes,
the shapes of the envelopes are identical. Whereas in the HM plane, due to variable ultimate
moment capacities, the envelope shapes are dierent and they increase in size as the moment
load increases. When the foundation gets embedded nearer to the weaker underlying layer
(i.e. d/tc = 0.86), the vertical and moment limit capacities decrease. As a result, the failure
envelopes in the VH and VM planes are smaller in size compared to the case when d/tc = 0.43.
However, in the HM plane, the envelope becomes larger when the foundation gets embedded
more deeply. This is due to the increased lateral resistance.
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Failure Mechanisms
The failure mechanisms for the dierent cases are shown from the Fig. 4.110 to 4.113. As the
strength of the crust increases from 100 kPa to 250 kPa or the ratio Sut/Subs increases from 1.72
to 4.31, the failure mechanisms become shallower. When the crust strength is low, more soil in
the underlying layer is involved in the failure. However, as the crust strength increases, most
of the bearing resistance comes from the stronger crust layer. Thus, the crust layer plays a
major role in providing bearing resistance as the dierence in strengths between the two layers
increases. As a result, when Sut = 250 kPa, the failure mechanism during ultimate horizontal
load is close to a pure sliding mechanism and that during ultimate moment load is close to a
scoop mechanism. Thus, the centre of rotation becomes closer to the foundation base when
Sut increases. Similarly, when the thickness of the crust layer decreases from 7m to 2.5m, the
failure mechanisms for ultimate horizontal and moment loads move closer to the soil surface
and become shallower. For the case when rate of increase of shear strength (k) changes, failure
mechanisms do no dier markedly with each other. When the foundation is embedded deeper
at 6m, it come closer to the weaker underlying layer. Due to this, more soil in the underlying
layer takes part in the bearing failure. During the ultimate horizontal failure, the backlled
soil placed above the foundation undergoes rotation. During the ultimate moment failure, the
horizontal displacement increases from 25mm to 36mm.
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Figure 4.110: Failure mechanisms under ultimate horizontal and moment loads for varying crust strengths (Sut )
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Figure 4.111: Failure mechanisms under ultimate horizontal and moment loads for varying crust thickness (tc )
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Figure 4.112: Failure mechanisms under ultimate horizontal and moment loads for varying rate of increase of shear strength (k)
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Figure 4.113: Failure mechanisms under ultimate horizontal and moment loads for varying depth of embedment (d)
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Plastic Strains
Plastic strain PEEQ is shown from Fig. 4.114 to 4.117 for dierent cases of parametric study.
PEEQ is the conjugate strain of Von Mises stress as mentioned before. With increase in the
crust strength, the maximum value of plastic strain decreases by 47.4% and 40% for ultimate
horizontal and moment loads respectively. A similar observation is noted when thickness of
the crust increases from 2.5m to 7m. However, the percentage decrease is relatively less; 8%
and 27% for ultimate horizontal and moment loads respectively. For the case when k = 0 and
3.20kPa/m, the variations in strains are within 10% of each other. The maximum variations in
strain is found for the case of varying embedments where it become almost double when the
depth of embedement changes from 3m to 6m.
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Figure 4.114: Plastic strain under ultimate horizontal and moment loads for varying crust strengths (Sut )
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Figure 4.115: Plastic strain under ultimate horizontal and moment loads for varying crust thickness (tc )
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Figure 4.116: Plastic strain under ultimate horizontal and moment loads for varying rate of increase of shear strength (k)
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Figure 4.117: Plastic strain under ultimate horizontal and moment loads for varying depth of embedment (d)
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4.4.2 Case IX: Foundations with Reduced Size
The nal case is an examination of reducing the foundation size. Since the primary design
criteria is likely to be the rocking stiness (typically recommended by the manufacturer), the
bearing capacity may exceed typical factors of safety. It is therefore an interesting hypothetical
exercise to investigate how the bearing capacity may be optimized. To investigate this, a
circular foundation with a diameter D = 19m, equal to that of the inscribed circle of an
octagonal foundation is considered. The size of the circular foundation is reduced keeping
the aspect ratio the same as that of the original foundation, to check if it can sustain design
loads for conditions herein described as normal operating conditions and conditions with
maximum overturning moment. The size of foundation has been reduced in two stages
(from 100%); rst to 75% and second to 50% of the dimensions of the original foundation.
Each foundation is subjected to uniaxial limit and combined loads to obtain uniaxial limit
capacities and 2-dimensional failure envelopes respectively. To gain more insight into the
behaviour of embedded foundations under inclined and eccentric loading, HM envelopes are
found at dierent proportions of ultimate vertical load (Vult ) viz. 0.1, 0.25 and 0.75 besides 0.5.
Additionally, for each of these foundation cases, HM failure envelope is found at a vertical force
equal to the sum of the design vertical load and weight of the foundation and the backlled
soil. The weight of the backlled soil is assumed to be 17.5 kN/m3. This helps to ascertain
whether the foundations loaded to the design vertical load can sustain the specied horizontal
and moment loads under various conditions.
Relative size D (m) d (m)
Original foundation (A) 100% 19.00 3.00
Reduced foundation (B) 75% 14.25 2.25
Reduced foundation (C) 50% 9.50 1.50
Table 4.27: Case IX: Dimensions of the original and reduced size foundations
Soil with a uniform Su = 75 kPa (which becomes 60 kPa when reduced by the partial safety
factor, γm = 1.25) is assumed. All of the foundations are assumed to have proportional
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embedment ratio (i.e. d/D = 0.157). In addition, foundations resting on the soil surface are
also modelled for each case.
Foundation loads d/D V(kN) H(kN) M(kNm)
Normal operating conditions
0.157
2900 900 42000
Highest overturning moment 2900 1100 76200
Table 4.28: Load acting on foundation under various operating conditions
The maximum ‘working’ moment for normal operating conditions has been assumed from
moment versus wind speed data for typical operating periods (Fig. 4.118).
d/D Vult Hult Mult
(kN) (kN) (kNm)
Original foundation (A)
0
103523 16916 221838
Reduced foundation (B) 58374 9468 93716
Reduced foundation (C) 25657 4237 27943
Original foundation (A)
0.157
126445 28565 290320
Reduced foundation (B) 71230 15720 120095
Reduced foundation (C) 31751 6890 35433
Table 4.29: Uniaxial ultimate load values for the original and reduced size foundations
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Figure 4.118: Maximum bending moment with wind speed (Smith et al., 2014)
Note that the ultimate load values given in Table 4.29 have been increased by an appropriate
partial safety factor γm = 1.25 (DNV, 2014). The design and maximum operating loads under
normal operating conditions and conditions with maximum overturning moment are shown
in the plot for VH and VM failure envelopes in Fig. 4.119 for the case of surface and embedded
foundations. Failure envelopes are shown in dimensional form which allows the comparison
of absolute values of various combinations of vertical, horizontal and moment loads which
the foundations can resist safely. In the plot, normal operating conditions and conditions
with maximum overturning moments are referred as “Normal cond.” and “Extreme cond.”
respectively.
It can be easily seen from Fig. 4.119 (a) and (c) that the vertical and horizontal design loads
are safely resisted by all of the three foundations. However, it is the value of overturning
moment that decides the optimized foundation dimensions. HM failure envelopes for dierent
proportions of Vult are shown in non-dimensional and dimensional forms in Fig. 4.120 and
4.121 respectively for the embedded foundations (d/D = 0.157). For the foundations resting on
the soil surface, HM envelopes are calculated only at 0.5Vult and are shown in non-dimensional
and dimensional forms in Fig. 4.122 and 4.123 respectively.
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Failure envelopes in the HM plane expand as the vertical load increases, up to a maximum value
of V= 0.5Vult . Beyond this value, the envelopes start shrinking as is evident from the envelope
for V= 0.75Vult . This implies that for a given value of horizontal force and moment, vertical
load acting on a foundation can safely be increased to 0.5Vult . If vertical load is increased
beyond this limit, then it would lead to a decrease in the factor of safety. The total vertical
load acting on the embedded foundations which includes the design vertical load and the
weight of the foundation and the backlled soil, is represented by 0.15, 0.27 and 0.61Vult for
case A, B and C respectively. Fig. 4.121 indicates that a foundation with reduced dimensions
of D = 14.25m and t = 2.25m placed at 3m can safely resist the design loads under both the
conditions.
For the original size of the foundation (D = 19m and d = 3m) considered in this research,
the ultimate moment load is 290MNm which is almost four times of that under "Extreme
cond.". Thus, in terms of bearing capacity the same foundation could potentially be used for a
wind turbine with a higher rated power. For example, for a 5MW wind turbine, the maximum
overturning moment is around 250 − 300MNm. In addition, the response of the original
foundation under these ‘working’ and ‘extreme’ loading conditions is shown in Appendix D.
Chapter
4.
Resultsand
D
iscussions
230
Figure 4.119: VH and VM failure envelopes in dimensional form for surface and embedded foundations, d/D = 0, 0.157
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Figure 4.120: HM failure envelopes for embedded foundations in non-dimensional form, d/D = 0.157
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Figure 4.121: HM failure envelopes for embedded foundations in dimensional form, d/D = 0.157
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Figure 4.122: HM failure envelopes for surface based foundations in non-dimensional form
Figure 4.123: HM failure envelopes for surface based foundations in dimensional form
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4.5 Summary
This chapter presented and discussed the results of nite element analysis on circular and
octagonal foundations under undrained conditions. Foundations were subjected to combined
loading by using swipe tests. Broadly, the bearing capacity response of foundations was
obtained for three dierent scenarios: 1. Surface foundations on homogeneous soils 2. Em-
bedded foundations in homogeneous soils, and 3. Surface foundations on heterogeneous soils.
The undrained bearing capacities of footings were expressed in terms of dimensionless loads
(bearing capacity factors). Failure envelopes were plotted in the VH, VM and HM planes in
non-dimensional as well as normalized forms. Findings from circular foundations validated the
nite element model created in ABAQUS. The eects of surcial crust on the bearing capacity
of a circular foundation were also investigated. Finally, in order to investigate foundation
design, three dierent foundation sizes were chosen and failure envelopes were plotted for
various proportions of Vult . Comparisons were made under the ‘normal’ and ‘extreme’ loading
conditions.
Chapter 5
Conclusions and Future Work
5.1 Introduction
This thesis has investigated the undrained bearing capacity response of shallowly embedded
circular & octagonal wind turbine foundations subjected to uniaxial and combined loadings.
To achieve this, a nite element model was developed in the program ABAQUS. This research
is novel since many other researchers:
• Did not use a no-tension contact to allow the foundation to lift o and lose contact with
the soil (which is necessary to model a wind turbine foundation).
• Used a foundation shape that was circular rather than octagonal.
• Did not use a full 3-dimensional model, but rather utilized a semi-circular model or a
section of the full foundation.
To achieve the objectives of this research, rst, a 2-dimensional plane strain model was
created to validate the soil constitutive parameters and mesh principles. Later, a complete
3-dimensional model of a circular footing was created and subjected to combined loading.
Comparison with published data on oshore foundations helped in verifying the boundary
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conditions and contact denitions. The eects of embedment and heterogeneity on the bearing
capacity of circular and octagonal foundations were also studied. Furthermore, nite element
analysis of foundations overlying a surcial crust was performed. In this nal chapter, the
ndings and conclusions from the thesis are presented. Additionally, some ideas for future
research and developments are proposed.
5.2 Conclusions from the Research
The use of the Mohr-Coulomb criterion for a linear elastic-perfectly plastic model shows
promising abilities to obtain undrained response of a surface foundation subjected to uniaxial
and combined loadings. The numerical model was able to provide results with reasonable
accuracy, even when foundations were embedded or placed on heterogeneous soils.
The nite element analysis of a surface based circular footing subjected to combined loading
shows that even for a simple case of a circular footing with no embedment and no soil strength
heterogeneity, traditional methods tend to underestimate the combinations of horizontal and
moment loads that a foundation can resist safely. Conventional methods neglect the coupling
of horizontal and moment degrees of freedom and hence, break down under the superposition
of solutions for inclined and eccentric loads. This can potentially explain variations in the size
of the foundations used in practice whose design is based on conventional methods.
DNV (2002), which uses conventional methods, also tends to under-predict the eective area
for a surface foundation subjected to eccentric loading compared to that derived by nite
element analysis. This results in lower moment capacity.
The uniaxial limit capacities of embedded foundations are found to vary quadratically with the
embedment ratio. Under embedded conditions, the foundation behaves as if it is fully bonded
with the soil. A scoop type mechanism is found for ultimate moment failure. With increase
in the embedment ratio, uniaxial bearing capacities also increase and the failure envelopes
become larger, signifying the extra capacity available for the same foundation dimensions.
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For a surface foundation, failure mechanisms under pure loads do not change with change
in the soil strength heterogeneity. However, as the heterogeneity increases, the rotation
accompanying horizontal failure during ultimate lateral load increases and vice-versa.
When the shape of the foundation changes from a circle to octagon for a surface foundation,
the ultimate uniaxial vertical and moment capacities slightly increase (by 7.7% and 7.2%
respectively). Especially when the foundation is shallowly embedded at d = 3m (d/D = 0.157),
the increase in ultimate moment capacity is signicant (22.22%). The ultimate lateral resistance
remains unchanged. Note that the top surface of the octagonal foundation is assumed to
be at and does not taper towards the edges. For a foundation with a shallow embedment
depth (d = 3m), it is assumed that the eect of backlled soil on the bearing capacity of the
foundation is negligible. To add, failure mechanisms for surface or embedded foundations
remain the same irrespective of their shapes (circle or octagon).
For a surface foundation, the change in the shape from a circle to an octagon does not have
a signicant eect on the bearing capacity with various soil strength heterogeneities. The
average percentage increase in the ultimate vertical and moment capacities for an octagonal
foundation is 7.1% & 6.7% respectively and that for a circular foundation is 6.5% & 6.9%
respectively with increase in the soil strength heterogeneity (from K′ = 0.95 to 1.425).
The presence of a surcial crust can result in a gain or loss of bearing capacity. Its eect
cannot be ignored, especially for Canadian soils where this scenario is quite common. The
bearing capacity depends on a complex relationship between many factors, such as the average
crust strength, crust thickness, embedment of a foundation relative to the crust thickness, and
relative shear strengths of the crust and the underlying layer. These factors must be given
due consideration during foundation design. If a single layer with an averaged uniform shear
strength is chosen to design the foundation, then its values must be chosen carefully.
As the vertical load on a foundation with no-tension interface increases, the HM failure
envelopes become larger in size, signifying the extra capacity mobilized. The maximum value
of ultimate moment is mobilized around a vertical loadV ≈ 0.5Vult . Beyond this value, the HM
envelopes shrink in size. Thus, for a constant horizontal and moment load, the vertical load
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can be increased up to 0.5Vult . If V > 0.5Vult is applied, the factor of safety decreases. Note
that the maximum value of ultimate moment is dierent from the maximum moment which is
mobilized in a fully bonded contact.
5.3 Suggestions for Future Research
In this thesis, a coherent set of bearing capacity factors were found for foundations with
dierent shapes, under varying embedment and soil strength heterogeneity conditions. Some
simplications were introduced in the modelling to obtain results, such as that relating to soil
constitutive parameters. This opens up avenues for further improvement and development
of better models as a part of future research work. The following points can be taken into
account for research projects in the near future.
• The present research work essentially focused on static loading. However, wind turbine
foundations undergo cyclic/dynamic loading. Numerical modelling of foundation sub-
jected to dynamic loads will, thus, help in investigating its stability under fatigue and
cyclic loads.
• Field monitoring of turbine & foundation movements can be set up and the data can be
used to validate the dynamic model.
• The soil was simulated as a linear elastic-perfectly plastic material using the Mohr-
Coulomb failure criterion as a yield surface and associated ow was assumed. However,
real soil is anisotropic in nature. Experimental work involving laboratory tests like
triaxial testing, resonant column, and bender element tests coupled with eld monitoring
data can be used to study cyclic degradation and critical states of soils under dynamic
loads and obtain soil properties such as shear strain, friction angle and dilation angle.
This data can help in dening more appropriate yield surfaces, ow rules and evolution
laws that simulate the hardening or softening behaviour of soils. This will allow use of
more complex models in ABAQUS.
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• The reduced strength and stiness of the backlled soil was not taken into account.
• The installation process which results in the disturbance of surrounding soil was not
specically simulated in the nite element program.
• The octagonal foundation was assumed to be at on the top. However, it tapers towards
the edges in reality and this should be explicitly modelled. The backlled soil provides
resistance against uplifting due to the action of overturning moments. Especially, as the
foundation is embedded deeper, the weight of the soil above the foundation increases
and this can increase the rocking stiness of the foundation.
• Only swipe tests were used to track the load paths in 2-dimensional planes. A combina-
tion of displacement probe tests and load-controlled analysis in addition to swipe tests
can be performed to verify the current envelopes and possibly increase the accuracy.
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Appendix A
Finite Element Meshes in ABAQUS
Mesh 2 (medium) and 3 (ne) which were part of mesh sensitivity analysis (Section 3.4.4.2) are
shown below. Meshes were constructed using the structured technique. The details of mesh
are given in Table 3.8.
Figure A.1: Mesh 2 (medium)
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Figure A.2: Mesh 3 (ne)
Appendix B
Special Cases
B.1 Circumscribed Circle
A nite element analysis was performed on a circular foundation with the radius equal to
that of the circumscribed circle of the octagonal foundation. This exercise was performed to
compare the results with that found for a circular foundation with radius equal to that of the
inscribed circle of the octagon (which is recommended by DNV (2002)). The diameter and
area of the two circular foundations are compared in Table B.1 below. The octagonal and the
circular foundations are shown in Fig. B.1 .
Diameter, m Area, m2
Circumscribed circle 20.56 332
Inscribed circle 19 283.5
Table B.1: Comparison of geometry between circumscribed and inscribed circle
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Figure B.1: Comparison of geometry between circumscribed and inscribed circle
The value of Su = 17.760 kPa and Es = 177.60MPa are same as that given in Table 3.4.
Uniaxial Bearing Capacity Factors
v0 h0 m0
This study (Circumscribed circle) 6.20 1.00 0.69
This study (Inscribed circle) 6.08 1.03 0.69
Table B.2: Uniaxial bearing capacity factors
Value of v0 is around 20% higher for the circumscribed circle than that for inscribed circle.
The increased bearing capacity is due to the increased area of the circle which is also around
20%. m0 remains the same irrespective of the diameter of the foundation. Values of h0 vary
slightly (3%) with each other. Thus, the bearing capacity factors dier slightly with each to
other when the area of circle increases. However, it must be noted that bearing capacity factors
are non-dimensional values. The absolute values of ultimate vertical, horizontal and moment
loads for both the cases are shown below in Table B.3.
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Vult Hult Mult
(kN) (kN) (kNm)
This study (Circumscribed circle) 36531 5878 83765
This study (Inscribed circle) 30512 5200 65745
Table B.3: Ultimate vertical, horizontal and moment loads
Failure Envelopes
Figure B.2: Failure envelopes in non-dimensional VH plane
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Figure B.3: Failure envelopes in normalized VH plane
Figure B.4: Failure envelopes in non-dimensional VM plane
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Figure B.5: Failure envelopes in normalized VM plane
Figure B.6: Failure envelopes in non-dimensional HM plane
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Figure B.7: Failure envelopes in normalized HM plane
The failure envelopes in non-dimensional and normalized envelopes are similar to each other
in all of the 3 planes. The HM envelope in non-dimensional space (Fig. B.6) for an inscribed
circle is slightly larger than that for a circumscribed circle due to slightly higher uniaxial
lateral capacity obtained.
B.2 VHM Loading through the Vertex of the Octagon
For all of the nite element analysis performed on octagonal foundations so far, the forces and
moment were applied with a coordinate system as shown in Fig. B.8 (a). In the special case
here, horizontal force and moment are applied along or about a diagonal passing through a
vertex of the octagon. The coordinate system is shifted by 22.5◦ as shown in Fig. B.8(b). Case A
represents a surface octagonal foundation with normal coordinate system, while Case B refers
to a surface octagonal foundation with the new coordinate system. Results are expressed in
the form of uniaxial bearing capacity factors and failure envelopes.
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Figure B.8: Coordinate systems for the original and special case
Uniaxial Bearing Capacity Factors
v0 h0 m0
Case A 6.55 1.00 0.74
Case B 6.55 1.00 0.74
Table B.4: Uniaxial bearing capacity factors
The uniaxial bearing capacity factors match exactly with each other.
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Failure Envelopes
Figure B.9: Failure envelope in the non-dimensional VH envelope
Figure B.10: Failure envelope in the non-dimensional VM envelope
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Figure B.11: Failure envelope in the non-dimensional HM envelope
The failure envelopes match exactly with each other. This implies that for a given plane,
horizontal and moment loads are independent of the direction in which they are acting.
Appendix C
Heterogeneous Soils
In the nite element analysis for circular foundations on heterogeneous soils (Case III), a Hill
mechanism was not observed under ultimate vertical load since the failure was reached with
low values of displacements. However, when a very high value of displacement (0.02D) was
applied, a Hill mechanism was obtained as shown in Fig. C.1 and C.2 below.
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Figure C.1: Contous of Hill mechanism of soil failure
Figure C.2: Displacement vectors obtained from nite element analyses superimposed by Hill
mechanism given by Tani and Craig (1995)
Appendix D
Working and Design Loads Analysis
A circular foundation representing a footing with D = 19m and d = 3m has been subjected
to loads under the normal operating and extreme conditions shown described in Section
4.4, shown in Table D.1). All of the loads are applied as a force or moment unlike previous
analysis which were displacement-controlled. Initially, a vertical force is applied and then, the
horizontal force and moment are applied simultaneously The properties of the soil assumed
are shown in Table D.2 and compared with those of the nite element analysis done previously
in this research. The stress states and displacements are calculated for four dierent paths as
shown in Fig. D.1. Path 1 is horizontal (lying in XY plane). It has a length equal to D and runs
along the centreline of the foundation-soil interface from (−D/2, 0, 0) to (D/2, 0, 0). Path 2, 3
and 4 are vertical (lying in XZ or YZ planes). Each of these three paths have a length of 1.5D.
Path 2 and 3 start at the circumference of the foundation base with coordinates (D/2, 0, 0) and
(0,D/2, 0) respectively. Whereas path 4 begins at the centre of the foundation base (0, 0, 0).
Foundation loads d/D V(kN) H(kN) M(kNm)
Normal operating conditions
0.157
2900 900 42000
Highest overturning moment 2900 1100 76200
Table D.1: Load acting on foundation under various operating conditions
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Properties Value Unit
Current analyses Previous analyses
Saturated unit weight, γs 19 kNm−3
Young’s modulus, Es 133.20 177.60 MPa
Poisson’s ratio, νs 0.48 -
Undrained shear strength, Su 60 17.760 kPa
Friction angle, ϕ 0.1 ≈ 0 Degree
Dilation angle,ψ 0.1 ≈ 0 Degree
Absolute plastic strain 0 -
Material model Mohr-Coulomb
Table D.2: Properties of soil used in the current and previous analysis
Figure D.1: Paths used in the analysis
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Figure D.3: Nodal displacements for various paths under ‘working’ and ‘extreme’ conditions
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Figure D.4: Von Mises stresses for various paths under ‘working’ and ‘extreme’ conditions
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Fig. D.2 shows the normal vertical stresses along various paths. Under both the conditions,
the normal stresses match fairly well with each other for paths 2, 3 and 4. This is because the
ultimate uniaxial moment capacity is relatively very high compared to the moments under
‘working’ and ‘extreme’ conditions. Thus, the stresses are almost the same along the depth of
the soil. Along the centreline, however, the stresses do vary slightly for the two conditions.
Especially near the edge on +X axis (D/2, 0, 0), this variation is high (around 41%). Indeed,
under ‘extreme’ conditions, the nodal displacement at this point is the highest (3.60mm).
Under ‘working’ conditions, the displacement at the same point (or node) is 2.17mm (Fig. D.3
(a)). With increasing depth, the displacements decrease. The rotation of foundation due to the
overturning action of moment is shown in Fig. D.5 below.
Figure D.5: Rotation of foundation under ‘working’ and ‘extreme’ conditions
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